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EXECUTIVE SUMMARY

The storage of pressurized natural gas in large steel-lined caverns excavated in crystalline
rock has been under development in Sweden for more than 10 years.  Unlike the current
storage technology, which relies on the existence of large salt caverns, aquifer formations
and depleted oil fields, the lined rock cavern (LRC) concept provides the option of
greater flexibility in the management of local and regional gas supplies.  With the pros-
pect of this technology being used in commercial storage of natural gas in the United
States, the U.S. Department of Energy, through the National Energy Technology Labo-
ratory in Morgantown, West Virginia, initiated a technical review of the feasibility of the
LRC storage concept and its current design methodology.

The principal idea behind the LRC gas-storage concept is to rely on a rock mass (primar-
ily, crystalline rock) to serve as a pressure vessel in containing stored natural gas at
maximum pressures from about 15 MPa to 25 MPa.  The concept involves the excavation
of relatively large, vertically cylindrical caverns 20 m to 50 m in diameter, 50 m to 115 m
tall, with domed roofs and rounded inverts to maximize excavation stability.  The caverns
are located at depths from 100 m to 200 m below the ground surface, and they are lined
with approximately 1-m thick reinforced concrete and thin (12-mm to 15-mm) carbon
steel liners.  The purpose of the steel liner, which is the innermost liner, is strictly to act
as an impermeable barrier to the natural gas.  The purpose of the concrete is to provide a
uniform transfer of the gas pressure to the rock mass and to distribute any local strain in
the rock mass (e.g., from the opening of natural rock fractures) at the concrete/rock inter-
face more evenly across the concrete to the steel liner/concrete interface.  To further
minimize local circumferential strains in the steel liner, a viscous layer (~ 5 mm thick)
made of a bituminous material is placed between the steel and the concrete liners.

The LRC development has included a scaled (approximately 1:9 scale) experiment of the
concept conducted at the Grängesberg Test Plant in Sweden, with reported positive re-
sults (Stille et al., 1994).  A full-scale LRC demonstration facility is currently being con-
structed at Skallen, a site near the coastal city of Halmstad in southwest Sweden.

The LRC developments have been reflected in a current design methodology.  This
methodology is a probabilistic, multi-stage approach.  Evaluations of the potential for a
rock mass to host an LRC facility are made at different stages, with an increasing demand
for geophysical information at each stage.  The result is an increasingly refined design in
terms of probable loads and material response.  The methodology is embedded in two
models:  FLRC1 (Feasibility for Lined Rock Caverns 1), which is an initial procedure for
LRC evaluations at an early stage; and FLRC2 (Feasibility for Lined Rock Caverns 2), a
more detailed procedure for LRC evaluations and design in later stages of the develop-
ment, when more site-specific geophysical information becomes available.  The FLRC1
and FLRC2 models rely on rock index properties and empirical relations to estimate the
rock-mass mechanical parameters (i.e., stiffness and strength); limit-equilibrium, finite-
element and analytical (homogeneous and isotropic) models are used to estimate cavern
location (i.e., depth), maximum gas pressure, cavern deformations, and steel-liner strain.
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The methodology emphasizes two key LRC design criteria associated with (1) safety
against ground uplift, and (2) a maximum operating (cyclic) strain range in the steel liner.

The current review of the lined rock-cavern storage concept and design methodology has
focused on the feasibility of this technology, and the robustness of its design methodol-
ogy primarily in the context of the mechanical response of the rock mass during cavern
operation (i.e., for a pressurized cavern).  The standard of the review has been the dem-
onstrated and established principles of designing large stable underground openings in
rock.

The design analyses contained in the FLRC1 and FLRC2 models are somewhat simple,
suggesting that verification of the design adequacy be made through analysis using de-
tailed numerical models.  Note, however, that “simple design analyses”, in this case, does
not necessarily mean “inadequate analyses”.  In this review, independent analyses of the
LRC concept were conducted using continuum and discontinuum numerical models.
These models show that a soil-anchor analogy embedded in limit equilibrium (LE) mod-
els for evaluating ground uplift greatly oversimplifies the conditions of potential uplift.
The analogy and the limit equilibrium models may not be well-suited to describe the
relatively complex rock-mass response associated with a pressurized LRC.  Continuum
numerical models used to evaluate the cavern-wall response and steel-liner strain for the
Skallen LRC demonstration plant show results in reasonable agreement with those ex-
pressed in the review documents using the LRC design methodology.  However, the
steel-liner response may be affected by the local rock-mass conditions in the vicinity of
the cavern wall.  This local response results from intersecting fractures occurring natu-
rally in rock masses, creating rock wedges in the cavern wall.  Treating the rock mass as
a continuum (as is done in the current LRC design methodology) implies global and local
averaging of the fracture and intact-rock response and can potentially result in underesti-
mating the steel-liner strain.

While the use of somewhat simple design analyses may be reasonable, it suggests that a
confirmation of the design adequacy be made at various intervals in the design process
using detailed numerical models, both continuum and discontinuum, for two- and three-
dimensional conditions, as appropriate.  Although numerical models have been used
throughout the development of the LRC design methodology, the methodology does not
specify that such models be used in a design confirmation context during the design proc-
ess.  This is a significant concern.  However, the problem can be remedied easily by in-
cluding the use of detailed design evaluations at suitable intervals.   Because these are
independent, detailed, numerical-model evaluations, they are conducted apart from the
design analyses and probabilistic procedures of the FLRC1 and FLRC2 models and,
therefore, will not complicate these procedures.

In the current LRC design methodology, the review found finite element models of the
fracture evaluation of the concrete liner to use a no-tension fracture propagation criterion.
It is noted that fracture propagation depends on the material toughness (or critical energy-
release rate).  Unless the tensile strength of the concrete is calibrated to the toughness and
the element size used in the analysis, the fracture predictions using this approach would
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not be appropriate.  In lieu of a more sophisticated fracture mechanics analysis, the cur-
rent method should use consistent values of tensile strength and fracture toughness.  An
example derivation of consistent values of tensile strength and material toughness is pro-
vided in Appendix B.

Although not emphasized in the current LRC design methodology, the methodology is
only applicable for the design of a single independent cavern.  The design methodology
should be used with caution when multiple caverns are involved that have overlapping
effects.  In such cases, detailed design evaluations will be necessary using numerical
models.

The effect of seismic loads is not considered in the LRC design methodology.  The po-
tential for seismic loads should be included.  The effect of such loads would require de-
tailed design evaluations using numerical models.

The LRC design methodology should include a verification of its probabilistic approach
by evaluating the design for a set of credible lower-bound conditions using a detailed
numerical model.  The minimum result of the model should be a barely acceptable de-
sign.

With the noted important exceptions, the review has found the implementation of the
LRC concept to be a carefully planned incremental design procedure.  Although of con-
siderable proportions, the lined rock cavern size is not unprecedented.  There is extensive
worldwide rock engineering  experience in developing large complex rock caverns.  By
following established principals, one should expect that stable, large, lined rock caverns
can be constructed in different lithology rocks of reasonable quality.  During cavern op-
eration, the combination of shallow cavern depth and high gas pressure makes the LRC
concept unique in terms of the cavern loads, and the structural integrity of the steel liner
must be maintained for these loads.  This requires a design methodology that not only
relies on the somewhat simple design analyses contained in the FLRC1 and FLRC2 mod-
els, but also considers analyses that account for the discontinuum nature of rock masses
in detailed two- and three-dimensional numerical models as appropriate.  By adopting a
careful design methodology that considers the detailed interaction of the rock mass and
cavern wall response, and a design implementation that is guided by physical observa-
tions during cavern construction, one should expect to develop an LRC storage that will
operate successfully for a level of gas pressures as high as 25 MPa in a rock mass of rea-
sonable quality.
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1.0 INTRODUCTION

The U.S. Department of Energy (DOE), through the National Energy Technology Labo-
ratory (NETL) in Morgantown, West Virginia, is participating in the introduction of new
technology to the commercial natural-gas-storage market in the United States.  For more
than 10 years, Sweden has been developing a technology for storing pressurized natural
gas in excavated steel-lined caverns in crystalline rock (Larsson et al, 1989; Tengborg,
1989).  Although existing underground space (e.g., large salt caverns, aquifer formations,
depleted oil fields) is currently being used for the same purpose in the United States and
abroad, the flexibility of the lined rock cavern (LRC) concept could contribute to more
efficient management of the local and regional supplies of natural gas. This is particularly
true for the Northeast and Northwest regions of the United States, where salt caverns and
depleted oil fields do not exist.  The developers of the technology expect that 50-m to
115-m tall cylindrical caverns, 20 m to 50 m in diameter can be constructed in crystalline
rock at depths of 100 m to 200 m.  The caverns, which are fitted with an impermeable
steel liner, are expected to provide continuous storage of natural gas for maximum gas
pressures ranging from 15 MPa to 25 MPa.

A scaled (approximately 1:9 scale) experiment of the concept has been conducted at the
Grängesberg Test Plant in Sweden, with reported positive results (Stille et al., 1994).  A
full-scale LRC demonstration facility is currently being constructed at Skallen, a site near
the coastal city of Halmstad in southwest Sweden.

With the prospect of introducing this new gas-storage technology to the U.S., it is timely
for DOE/NETL to assess the merits of the LRC concept and examine the details of its
design methodology to ensure it is both technically feasible and safe.  The following is a
technical review that focuses primarily on the rock mechanics aspects of the LRC con-
cept and design methodology.  The steel liner/nozzle constructability and structural integ-
rity will be the subjects of a separate technical review.

2.0 TECHNICAL REVIEW:  OBJECTIVES, STANDARD AND SCOPE

An earlier DOE-sponsored LRC project (USDOE, 2000) addressed the current state-
of-the-art in the LRC concept, market data for conventional alternative storage in the
Northeastern United States, identification and selection of two generic geologic sites,
conceptual design for the LRC, cost estimate, economic comparison of LRC to alterna-
tives, and environmental impact and permitting issues.  The currently sponsored project
compliments the previous work by adding an independent review of the LRC storage
technology.  The objective of the current review was specifically to evaluate:

(1) the general feasibility of the LRC storage concept; and

(2) the proposed LRC design methodology and the adequacy of key de-
sign aspects.
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An independent technical review was initiated with a meeting between the LRC devel-
opment group and NETL and Itasca Consulting Group Inc. (the review team) in
September 2000.  At that time, the LRC group consisted of Energy East Enterprises, Inc.
(USA), Gas de France International, S.A., Sydkraft AB (Sweden), and Enron North
America Corporation.  At this meeting, several presentations were made by the LRC
group with regard to the technical aspects of the lined-rock-cavern concept and its design
methodology.  Key aspects of the LRC design were identified (e.g., safety against ground
uplift and maximum steel-liner strain range), and results from a pilot study in
Grängesberg, Sweden, were presented.

Subsequent to the September meeting, the review team received a number of review
documents from the LRC group.  These documents (some of which contain confidential
information) provide in-depth technical details of the LRC concept, the design methodol-
ogy, and test results of the pilot study.  A list of the review documents is provided in the
next section.  The technical review was based on the information in the review docu-
ments and on the initial technical presentations made by the LRC group at the September
2000 meeting.  Upon request by the review team, additional information was provided by
the LRC group during the course of the review.

In addressing the specific review objective, two important components of mechanics are
involved:

♦  Rock Mechanics (because a stable rock mass is imperative to the suc-
cess of the concept during both the cavern-excavation and storage-
operation periods, and

♦  Structural Mechanics (because the structural integrity of the steel-
liner and nozzle assembly is crucial to the continuous service of the
liner as an impermeable barrier to the stored natural gas).

Note that this review is concerned only with rock mechanics aspect of the LRC concept.
Review of structural mechanics issues related to the steel liner (e.g., evaluation of liner
fatigue) will be the subject of a separate report.  The rock-mechanics acceptability stan-
dard used was based on demonstrated principles applied in the past and present practice
of developing and designing large underground openings in rock in the civil and mining
industries.  These principles are discussed and advocated in all major textbooks on the
subject of rock mechanics and rock engineering  (e.g., Stagg and Zienkiewicz, 1968;
Hoek and Brown, 1980; Brady and Brown, 1993; Goodman, 1980; Mahtab and Grasso,
1992; Hudson and Harrison, 1997; Harrison and Hudson, 2000).  Thus, in evaluating the
LRC concept, it was central to the review that the review documents convey an adher-
ence to established and accepted rock mechanics principles of large cavern development,
as well as a demonstration of rigor in its design analysis.

While an independent complete LRC design analysis was not performed as part of this
review, some analyses were conducted that evaluated key design criteria associated with
the rock mass and steel-liner response for LRC conditions.  The results of these analyses
generally agreed with results expressed in the review documents.  However, some results
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suggest that the limit equilibrium models used in the ground-uplift design evaluations are
too simple to adequately represent the rock-mass load/deformation response for LRC
conditions.  Results also show potentially important effects from the presence of natural
rock fractures on local strains in the steel liner during cavern pressurization.  Such effects
are not accounted for in the current LRC design methodology, because it regards the rock
mass only as a continuum.  When a rock mass is represented as a continuum, the defor-
mational effects of natural rock fractures are smeared/averaged throughout the rock mass.
Although this is frequently done in rock engineering, the importance of the steel liner
strain in the context of the LRC design also warrants evaluation using methods that ac-
count for local effects associated with the presence of explicit rock fractures.

The remaining sections of this report contain the following.

♦  Title list of the review documents (for completeness), with a brief
summary of the LRC concept and design methodology expressed in
these documents.

♦  Review of key LRC design aspects:

� Criterion for Safety Against Ground Uplift;

� Cavern-Wall Response (Steel Liner/Concrete/Rock Mass Interac-
tion); and

� Concrete-Liner Fracture Analysis.

♦  Review of the LRC design methodology:

� General Comments

� Probabilistic Approach

♦  Conclusions

� Summary and Observations of the Rock Mechanics Review

� Judgement of the LRC Concept

� Recommendations
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3.0 SUMMARY OF THE LRC CONCEPT AND DESIGN METHODOLOGY

For completeness of documentation, the LRC concept and design methodologies are
briefly summarized.  This summary is constructed from the review documents supplied
by the LRC group.  A title list identifying these documents is provided below.

3.1 Title List of Review Documents

The following is a list of the review documents provided to the review team by the LRC
group:

♦  Hard copy of overhead presentation “Commercial Potential of Natural
Gas Storage In Lined Rock Caverns (LRC),” presented to the
DOE/NETL, September 20 and 21, 2000;

♦  Hard copy of overhead presentation, with manuscript, “Storage of Gas
in Lined Rock Caverns — Conclusions Based on Results from the
Grängesberg Pilot Plant”;

♦  Conference paper by Johansson et al. (1994), “Storage of Gas in
Lined Shallow Rock Caverns — Conclusions Based on Results from
the Grängesberg Test Plant”;

♦  Conference paper by Stille et al. (1994), “High Pressure Storage of
Gas in Lined Shallow Rock Caverns — Results From Field Tests”;

♦  Report (confidential), “Thermal Simulation of LRC Storage Opera-
tion”;

♦  Report (confidential), “LRC Demo Plant, Safety Against Uplift, De-
sign Procedures and Design Tools”;

♦  Conference paper by Sturk et al. (1996), “Probabilistic Rock Mass
Characterization and Deformation Analysis”;

♦  Report (confidential), “LRC Demo Plant, Global Rock Mass Pa-
rameters for the Skallen Site”;

♦  Report (confidential), “Cavern Wall, Demo Plant Design”; and

♦  Report (confidential), “Rock Mechanics Criteria for Location of a
LRC Storage”.

The review documents identified as conference papers are included in Appendix A.
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3.2 Summary of the LRC Concept

The principal idea behind the LRC gas-storage concept is to rely on a rock mass (primar-
ily crystalline rock) to serve as a pressure vessel in containing stored natural gas at
maximum pressures from about 15 MPa to 25 MPa.  The concept involves the use of
relatively large vertically cylindrical caverns 20 m to 50 m in diameter, 50 m to 115 m
tall, with domed roofs and rounded inverts to maximize excavation stability.  The caverns
are located at depths from 100 m to 200 m below the ground surface, and they are lined
with approximately 1-m thick reinforced concrete and thin (12-mm to 15-mm) carbon
steel liners.  The purpose of the steel liner, which is the innermost liner, is strictly to act
as an impermeable barrier to the natural gas.  The purpose of the concrete is to provide a
uniform transfer of the gas pressure to the rock mass and to distribute any local strain in
the rock mass (e.g., from the opening of natural rock fractures) at the concrete/rock inter-
face more evenly across the concrete to the steel liner/concrete interface.  To further
minimize local circumferential strains in the steel liner, a viscous layer (~ 5 mm thick)
made of a bituminous material is placed between the steel and the concrete liners.

Pressurization of the gas increases the gas density (i.e., mass per unit volume) and is key
to making the storage concept economically viable.  An operating cavern is expected to
go through pressure cycles from approximately 3 MPa to 25 MPa during periods of gas
depletion and recharge, as demand dictates, and may have a nominal design life of 500
cycles.  For circumstances in which groundwater is present, the gas pressure also pro-
vides structural support to the relatively thin steel liner, which is not designed to with-
stand external water pressure.

It is expected that the LRC concept can be applied to a variety of different rock types and
to rocks of varying quality in terms of strength and deformability.

3.3 Summary of the LRC Design Methodology

The review documents present the LRC design methodology as a stochastic, multi-stage
development approach.  Evaluations of the potential for a rock mass to host an LRC fa-
cility are made at different stages, with an increasing demand for geophysical information
in each stage.  The result is an increasingly refined design in terms of probable loads and
material response.  The methodology is embedded in two models:  FLRC1 (Feasibility
for Lined Rock Caverns 1), which is an initial procedure for LRC evaluations at an early
stage; and FLRC2 (Feasibility for Lined Rock Caverns 2), a more detailed procedure for
LRC evaluations and design in later stages of the development, when more site-specific
geophysical information is available.
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Development includes the following stages.

1. Initial exploration uses limited, generally available geological infor-
mation (e.g., from surface observations and any previous underground
work in the area) as the basis for estimating rock mass quality, which,
in turn, is used in the initial model (FLRC1) to assess the potential for
the rock mass to host an LRC facility.

2. Increasingly detailed site characterization is specifically aimed at
determining the best underground location for the LRC.  Details of
the rock mass are obtained from core logs and other geophysical in-
vestigations.  Rock index properties are determined from rock core,
and a “better” estimate (in terms of confidence) of rock mass quality
is made.  Estimates of maximum gas pressure and liner strains are
made stochastically, using the procedure in the FLRC2 model.  These
estimates are used as the basis for the initial LRC design.

3. During the construction stage, additional site characterization is con-
ducted, and the Observational Approach is used to provide the “best”
estimates of likely cavern response.  The new estimates in this phase
may affect the final LRC design.

The FLRC1 and FLRC2 models rely on rock index properties and empirical relations to
estimate the rock-mass mechanical parameters (i.e., stiffness and strength); limit-
equilibrium, finite-element and analytical (homogeneous and isotropic) models are used
to estimate cavern location (i.e., depth), maximum gas pressure, cavern deformations, and
steel-liner strain.  The methodology emphasizes two key LRC design criteria associated
with (1) safety against ground uplift, and (2) a maximum operating (cyclic) strain range
in the steel liner.

4.0 REVIEW OF KEY LRC DESIGN ASPECTS

According to the review documents, LRCs are expected to operate at maximum gas pres-
sures of 15 MPa to 25 MPa.  With the caverns located at a relative shallow depth of
100 m to 200 m, this generally means the rock mass could be subjected to pressures 4 to
8 times higher than the in-situ rock-mass stresses.  Because the LRC concept relies on the
rock (not the steel or concrete liners) to serve as the pressure vessel, an adequate cavern
depth (or rock overburden) is important.  The overburden rock mass must resist the
maximum cavern pressure in a stable manner.  This key aspect of the LRC design is
evaluated in this section.

For a given cavern geometry, the mechanical response of the cavern wall to the LRC
pressure depends on the site-specific character of the rock mass and on the structural in-
teraction between the rock mass, concrete liner, viscous bituminous layer, and the steel
liner.  In general, the gas pressure will displace the cavern wall radially outward, result-
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ing in extensional strains in the tangential horizontal and vertical directions in the steel
liner, concrete liner, and in the rock at the cavern wall.  For a given pressure, the amount
of extensional strain depends mostly on the rock mass strength and deformability, which
become important attributes of the LRC design.  The cavern wall response and its affect
on the steel liner strain are also evaluated in this section.

Note that the parts of this review requiring evaluation using numerical models have been
considered for LRC conditions similar to the Skallen demonstration plant, which is cur-
rently being constructed near the coastal city of Halmstad in southwest Sweden.

4.1 Criterion for Safety Against Ground Uplift

The design analysis of Safety Against Ground Uplift is described in the LRC review
document “LRC Demo Plant, Safety Against Uplift, Design Procedures and Design
Tools”.  The determination of a “safe” LRC depth combines the results of either of two
limit-equilibrium (LE) models:  a “rigid-cone” or a “log-spiral” model in addition to a
finite-element numerical model.  The principle of Limit Equilibrium (LE) in this case
compares the LRC load (from the gas pressure) to the resistance provided by the weight
of the overburden rock mass.  The results from the models are used to determine the
thickness of a “Non Robust (rock mass) Zone” below which large deformations of the
rock mass will not influence LRC failure.  The LE models are used to determine the safe
LRC depth to prevent rock mass failure, while the finite-element numerical model is used
to determine the depth at which the steel liner strain is no longer influenced by the
proximity of the ground surface.  The difference in these depths is defined as the thick-
ness of the Non Robust Zone.  Presumably, if the LRC is located inside the Non Robust
Zone “a small variation in depth can lead to an unwanted behavior of the storage” —
hence the name “Non Robust Zone”.

The rigid-cone and log-spiral models differ primarily in the volumetric shapes of the re-
sisting rock mass.  The log-spiral model also accounts for the frictional resistance along
the log-spiral failure surface.  Both models implicitly regard the naturally fractured rock
mass as a continuum.  In the context of assessing potential uplift, this is a reasonable as-
sumption, as the volume of the potentially affected rock mass above the LRC is very
large relative to the size of distinct blocks generally created by a natural fracture system.
However, it is important to assess the reasonableness of this assumption for site-specific
LRC conditions, paying particular attention to any large continuous structures such as
faults or shear zones in the near vicinity of the LRC site.

As part of the LRC design methodology development, the rigid-cone and log-spiral LE
models have been calibrated to match experimental data of soil anchor pull-out tests.
These calibrations have produced a model correction factor “M”, which is used as an
integral part of the rigid-cone and log-spiral models in predictions of ground uplift.  The
correction factor is defined as the ratio of the observed (experimental) resistance to the
predicted resistance, with approximate mean values of 3 and 2 determined for the rigid-
cone and log-spiral, respectively.  The following sections examine the reasonableness of
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using the LE models to evaluate ground uplift associated with pressurized caverns in
rock.  Because it is important to understand the basic capacity of these models in pre-
dicting uplift, a model-correction factor has not been applied in this evaluation.  To pro-
vide additional perspective, the LE models are compared to a numerical model of ground
uplift using conditions similar to the Skallen demonstration plant.

4.1.1 Rigid-Cone Limit-Equilibrium Model

The rigid-cone model assumes the resisting rock mass to be the weight of a cone above
the cavern, as shown in Figure 4-1.  According to Littlejohn and Bruce (1975), the cone
angle, α, is taken as 30o or 45o degrees, with the lower angle used for a soft, heavily fis-
sured or weathered rock mass.  Other than the cone angle, this model does not account for
any rock mass strength; thus, relative to the rock mass response that can be expected for
an LRC system, the rigid-cone concept is very simplistic.

Figure 4-1   LRC Rigid-Cone Concept
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l
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Because the model neglects the inherent strength (cohesive and frictional) of the rock
mass, it is most likely conservative in  its  estimate  of  resistance.

A simple check of the rigid-cone model can be done by expressing it in terms of the cone
angle versus LRC depth and applying it to conditions at the Skallen demonstration site.
Using the dimensions defined in Figure 4-1, the resisting force, W, can be expressed by
Equation (4-1), and the LRC load by Equation (4-2):

3 2

2 2
tan ( )

tan( )
3

d
W g r d rd

α
ρ π α

     = + +  
  

(4-1)

where W = total vertical force from the weight of the rigid cone (acting downward);

ρ = rock mass density;

g = gravitational acceleration;

r = LRC radius;

d = depth of LRC (or rock mass overburden); and

α = cone angle = atan(l/d).

2
LRCF r pπ= (4-2)

where FLRC = total vertical force from the cavern gas pressure (acting upward); and

p = gas pressure.

A factor-of-safety (FS) against ground-surface uplift can be defined as in Equation (4-3):

/ LRCFS W F= (4-3)

Solving Equation (4-3) for l, and noting that l = d tan(α),  the cone angle, α, can be ex-
pressed as in Equation (4-4):

1/ 2
1

atan 9 12 1 3
2

pF S
r r

gd d
α

ρ

        = − − −            
(4-4)
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The cone angle is shown as a function of depth in Figure 4-2 for Skallen conditions of
17.5-m cavern radius, 20-MPa gas pressure, and 2500-kg/m3 rock mass density.  An FS
of 2 was chosen in Figure 4-2; this is a common FS for slope stability design using limit
equilibrium (e.g., Hoek and Bray, 1977) and in tunnel design (e.g., Hoek and Brown,
1980) to ensure safety against potentially falling ground.  Figure 4-2 shows that, for a
depth of 110 m (i.e., Skallen conditions), a cone angle of 39o is required to achieve an FS
of 2 against uplift.  Thus, this simple check shows that the angle is within the expressed
limits (i.e., 30o to 45o) of the rigid-cone model.

Figure 4-2   Cone Angle versus Depth for Skallen Conditions

4.1.2 Log-Spiral Limit Equilibrium Model

The log-spiral model used in estimating resistance against ground uplift is illustrated con-
ceptually in Figure 4-3; it is based on the response of soils in resisting pull-out of soil
anchors at shallow depth (Ghaly and Hanna, 1994).  The spiral shape is a function of the
friction angle as defined by Equation (4-5).  In addition to the rock-mass weight, the
model also includes resistance from friction along the log-spiral failure surface.
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Figure 4-3   Conceptual View of the Log-Spiral Criterion

( ) tan( )
0r r e ω φ

ω = (4-5)

where rω = radius of log-spiral at angle ω,

r0 = initial radius of log-spiral at ω = 0,

ω = angle of revolution, and

φ = material friction angle.

As expressed in Equation (4-5), the log-spiral criterion remains constant for a rock mass
of a given friction angle.  However, Mandl (1988), in his discussion of faulting, shows
results of sandbox experiments in which wide spiral-shaped precursor faults from differ-
ential uplift occur — but subsequently develop into steeper dipping spirals, as in Figure
4-4.  More significantly, Mandl (1988) finds the width and dip of the spirals to be sensi-
tive to the amount of horizontal stress, with narrower, steeper dipping spirals occurring
for lower horizontal stresses.  This implies that the log-spiral criterion as defined  in  the
LRC  design could overestimate the safety against ground uplift for ground conditions of
low in-situ horizontal stresses (e.g., Ko = 1, where Ko is the ratio of the average horizon-
tal-to-vertical in-situ ground stress).  The vertical stress in the ground usually results only
from the weight of the overburden rock mass, while the horizontal components are most
often affected by tectonics in addition to purely gravitational effects.  Local topography
and rock mass structure can also affect the horizontal stress levels.  Major ground struc-
tures such as faults and shear zones can influence the direction and magnitude of the local
in-situ  horizontal  stresses.  Thus, there can be large variations  in stress  on a  relatively
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Figure 4-4 Sand Dilation Along Shear Zones in the Uplift Experiment [after Mandl,
1988, pp. 71-75]

local scale.  Although at shallow depths (less than 500 m), Ko is generally greater than
1.0, it is not always so.  In many regions of the world, including the U.S., normal faulting
stress regimes exist where Ko would be close to or less than 1.0 (e.g., Mueller et al.,
2000).

As verification of the effects implied by Mandl (1988), the computer code FLAC (Itasca,
2000) was used to evaluate the soil-anchor analogy with a numerical model. FLAC
simulates materials as a continuum, and the code has been specialized to analyze soil and
rock-mechanics problems.  An axisymmetric FLAC model of a soil anchor was prepared,
as shown conceptually in Figure 4-5.  The model was verified by first comparing it to
experimental results of soil anchor pullout, and subsequently used to evaluate effects of
lateral pressure on such pullout.  The effects of different anchor depths were analyzed for
the soil conditions listed in Table 4-1.  The soil was represented as a Mohr-Coulomb
material with frictional strength only.  While the high bulk and shear moduli values listed
in Table 4-1 are more representative of a rock mass than a soil, these values have an in-
significant effect on the anchor-pullout results.  The results of the analysis are shown in
Figure 4-6, along with published experimental results (Vesi• , 1971).  Note that the
FLAC model results in Figure 4-6 reflect the use of Ko = 1; the results fall well within the
experimental data and validate the FLAC soil-anchor model to some extent.
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Figure 4-5   Conceptual View of the FLAC Soil-Anchor Model

Table 4-1   Parameters Used in the FLAC Soil-Anchor Model

Bulk Modulus (GPa) 20
Shear Modulus (GPa) 15
Friction Angle (degrees) 41
Dilation Angle (degrees) 0 or 20
Cohesion (MPa) 0
Tensile Strength (MPa) 0
Density (kg/m3) 1800
Ko

(a) 1 or 3

(a) Ko is the ratio of the average initial horizontal stress to the vertical stress
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Ground Surface

Anchor moving vertically at
constant small velocity

Ko = 1 or 3
Fric = 41 deg.
Dilation = 0 or 20 deg
Coh = 0
Density = 1800 kg/m^3
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Results of FLAC Soil Anchor Model, Case of:
Ko=1.0; Fri=41°; Dil=20°; Coh=0; Dens=1800 kg/m3

Figure 4-6 Experimental Results of Soil-Anchor Pullout [after Vesi• , 1971] and
Results of the FLAC Soil-Anchor Model

Figure 4-7 shows the results of the soil-anchor model when the initial horizontal stress is
3 times higher than the vertical stress (i.e., Ko = 3); the dilation angle is 0 for these re-
sults.  Because we use an axisymmetric model, results are only shown for the right-half
of the model. The location of the anchor plate is indicated.  Note that the results in Figure
4-7(a)  reflect an  earlier state of the anchor pull (i.e., less total anchor movement) than in
than in Figure 4-7(b).  As the anchor plate is being pulled out (i.e., upward), the sur-
rounding soil (particularly above the plate) is set in motion, as indicated by the black ve-
locity vectors in the figure.  After sufficient motion, the soil starts to yield in shear.
Actively yielding soil (shear failure) is indicated by red symbols.  The green color ap-
pearing in portions of the soil indicates that the soil was previously subjected to yield but,
as a result of load transfer, has now obtained a stress state that is below the Mohr-
Coulomb yield criterion.
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Anchor Location

Log-Spiral CriterionLog-Spiral Criterion

(a) (b)

Figure 4-7  Results of the FLAC Soil-Anchor Model for Ko = 3 and Dilation Angle = 0°

The light-blue dashed line in Figure 4-7(a) shows the approximate location of the log-
spiral failure surface.  For this state, there appears to be a good match between the log-
spiral model and the numerical predictions (indicated primarily by the velocity vectors).
However, at the later state in Figure 4-7(b), failure occurs along a narrower cone with a
steeper-dipping log-spiral surface, indicated in dashed light-green color.  This material
response is consistent with that discussed by Mandl (1988).

When the model in Figure 4-7 is repeated for Ko = 1, results as shown in Figure 4-8 are
obtained.  The velocity vectors and the column of shear yielding (i.e., red symbols) indi-
cate a vertical cylindrical failure surface above the soil anchor.  This response seems also
to agree with the discussion by Mandl (1988) on the effect of lateral stress on precursor
faulting.  The log-spiral location is also shown in Figure 4-8 (in dashed light blue), which
suggests a significant overestimation of the safety against uplift in this case.  Using a
dilation angle of 20o had very little effect on the results in Figure 4-7 and only slightly
changed the results in Figure 4-8.

Figure 4-8  Results of the FLAC Soil-Anchor Model for Ko = 1 and Dilation Angle = 0°

Log-Spiral Criterion
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The results of the soil-anchor model, therefore, point out that the use of the log-spiral LE
model is not necessarily appropriate when in-situ stress conditions are such that Ko is
close to 1.  A numerical model that has been validated to some extent should be used to
check that the log-spiral criterion is reasonable for the local LRC site conditions. When
applying the log-spiral criterion to the Skallen conditions in the same manner as for the
rigid cone, an FS of 2.6 against ground uplift is estimated.  Note that the resisting force in
this case includes frictional forces along the log-spiral surface in addition to the force
from the weight of the failed rock mass.

4.1.3 Ground-Uplift Evaluation of the Skallen Demonstration Plant Using a Numeri-
cal Model

A numerical model brings much more mechanistic detail to the evaluation of the potential
for ground uplift associated with the LRC pressure.  At any stage in the design process,
the numerical model can be used to check the LRC design in terms of its potential for
affecting ground uplift.  Such analyses add assurance to a design procedure that bases a
significant portion of its design analysis on simple LE models.  Assessment of a factor-
of-safety can also be gathered from a numerical model, allowing direct comparisons to
LE models.

Itasca’s computer code FLAC (Itasca, 2000) was used to analyze the uplift potential for
rock mass conditions at the Skallen demonstration plant.  An axisymmetric model was
used as shown conceptually in Figure 4-9.  The rock mass was modeled as an elasto-
plastic material using a Mohr-Coulomb failure criterion and the properties listed in Table
4-2.  In assessing an uplift factor-of-safety, the model was analyzed repeatedly, with the
rock mass strength reduced by a constant factor (Cf < 1.0) each time (i.e., Cf* cohesion
and Cf*tan(friction angle)).  The uplift factor-of-safety was defined as Cf

-n , where n is
the number of repeated analyses necessary to cause large incremental vertical displace-
ments in the rock mass. Cf

-n is, therefore, equivalent to the ratio of the “actual” rock-mass
shear strength to the minimum shear strength required to prevent failure.  This procedure
for obtaining a factor-of-safety has been used in geomechanics for a long time (e.g.,
Zienkiewicz et al., (1975), Naylor (1982), Donald and Giam (1988), Matsui and San
(1992), Ugai (1989), Ugai and Leshchinsky (1995)) and is consistent with the traditional
method of determining the factor-of-safety for slope stability (Bishop, 1955).  During the
analyses, the vertical displacement in the center of the cavern roof and at the ground sur-
face was monitored.  After sufficient rock-mass strength reduction, significant vertical
displacements occurred at these monitoring locations.  Figure 4-10 shows a plot of Cf

-n

versus vertical displacement for the two monitoring locations, as well as the final failure
state in the rock mass surrounding the LRC.  A significant increase in the incremental
vertical displacement is seen for Cf

-n beyond about 9.  Thus, using a numerical model, an
uplift factor-of-safety of 9 can be estimated for the Skallen conditions.  When comparing
this  estimate to  those obtained  for the rigid-cone and log-spiral LE models (FS of 2 and
2.6, respectively), the simpler LE models are found to be very conservative for the
Skallen site conditions and not well-suited to describe the resistance to uplift associated
with a pressurized cavern in a rock mass.
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Figure 4-9   Conceptual FLAC Model for Evaluation of Ground Uplift

Table 4-2  Parameters Used in the FLAC Model for Evaluation of Ground Uplift

Bulk Modulus (GPa) 20
Shear Modulus (GPa) 15
Friction Angle (degrees) 34
Dilation Angle (degrees) 0
Cohesion (MPa) 13.4
Tensile Strength (MPa) 0
Density (kg/m3) 2400
Ko

(a) 2

(a) Ko is the ratio of the average initial horizontal stress to the vertical stress

Ground Surface

K = 20 GPa
G = 15 Gpa
Fric = 34 deg.
Coh = 13.4 MPa
Dilation = 0 deg
Density = 2400 kg/m^3
Ko = 2.0
σvert= weight of overburden
σhor= Ko* σvert

Mohr-Coulomb Plasticity Model

A
xi

s 
of

 S
ym

m
et

ry
H = 110 m

17.5 m

50
 m

20 MPa
Gas Pressure



Technical Review of the Lined Rock Cavern (LRC) Concept and Design Methodology 18

Figure 4-10 Cf
-n versus Vertical Displacement of the Cavern Roof and Ground Surface

Indicating an Uplift Factor-Of-Safety of 9  (The final failure state in the
rock mass is also illustrated.)

It is noted that the LRC uplift-design methodology also uses results of a finite-element
numerical model.  The numerical model is used to determine the LRC depth that ensures
no influence from the proximity of the ground surface on strains in the cavern steel liner.
This is a relatively strict design criterion that should eliminate the need for using the
rigid-cone or log-spiral LE models.

4.2 Cavern-Wall Response (Steel-Liner/Concrete/Rock-Mass Interaction)

The thin steel liner behaves essentially as an impermeable membrane.  The maximum,
operating, liner strain range (i.e., membrane strain), therefore, is another key aspect of the
LRC design.  While, for a given cavern geometry, this strain depends on the maximum
gas pressure, it is also closely tied to the structural interaction between the steel liner, the
viscous (bituminous) layer, the reinforced concrete liner, and the rock mass.  Hence, ac-
curate estimates of the steel-liner response require analyses that include sufficient physi-
cal detail of these wall elements.

The rock mass, which serves as the pressure vessel, affects most of the cavern wall de-
formations and therefore has the most influence on the average steel-liner strain.  Rock
mass conditions are often anisotropic, and this can impose additional effects on the
amount,  as  well  as  the  distribution,  of  the  strain  in  the  steel  liner.  The  anisotropy
can  result  from  the  rock  mass  itself  having  directional  material  properties  (material
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anisotropy, often influenced by oriented structure) or by the two in-situ horizontal
stresses being of different magnitude (stress anisotropy).  The effect of anisotropy on the
cavern-wall response is evaluated in the next sections.

During LRC operations, the steel liner is subject to cyclic loading from periodic gas in-
jection (increasing cavern pressure) and depletion (decreasing cavern pressure).  Exces-
sive steel-liner strain during these cycles may lead to liner fatigue failure.  Therefore,
structural fatigue in the liner is of concern.  In the context of the Skallen demonstration
plant, the steel used has yield strength of 355 MPa at 0.17% strain.  It is expressed in the
review documents that, if the strain range is kept below 0.34% (i.e., twice the yield
strain), the cyclic strain in the steel liner will remain elastic, with an expected fatigue life
of more than 100,000 cycles.  However, for a strain range of 0.5%, for example (i.e.,
more than twice the yield strain), the steel liner will yield in tension and compression on
every gas injection/depletion cycle.  This will reduce the fatigue life of the steel liner.
The review documents express that for smooth specimens of structural steel, failure gen-
erally will occur after approximately1000 cycles for a strain range of about 2%.  There-
fore, the number of cycles to failure would be larger for a 0.5% strain range.  The
nominal number of cycles expected for a commercial LRC plant during its service life is
expressed as 500.  The steel-liner strain for the Skallen demonstration plant is evaluated
in the following sections.

An adequate evaluation of these LRC design aspects requires numerical analyses that
incorporate sufficient physical detail of the cavern wall and the local rock mass condi-
tions, including the natural rock fractures.  The following sections describe two such
evaluations in which the rock mass is first considered to behave as a continuum with av-
erage rock mass properties and, subsequently, as a discontinuum containing multiple dis-
crete fractures that can induce locally high deformations and strains.

4.2.1 Independent Analysis of the Cavern Wall Using a Continuum Approach

A continuum approach is a relatively simple and computationally efficient method of
analyzing stresses and deformations in rock masses.  A rock mass, however, is generally
a naturally fractured material made up of a system of individual interlocking wedges and
rock blocks and, therefore, does not conform strictly to the notion of a continuum.  De-
pending on scale, however, it may still be reasonable to characterize the mechanical re-
sponse of a blocky rock mass as a continuum in which details of distinct local
deformations between blocks are smeared into an average response.  If detailed local re-
sponse is unimportant to a particular underground design, the continuum approach may
serve well in a design analysis.
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4.2.1.1 Horizontal Cavern Section

The response of the cavern wall was evaluated for conditions similar to the Skallen dem-
onstration plant.  A horizontal section, which distinctly includes the steel liner, the vis-
cous bituminous layer, the concrete liner and the rock mass, was analyzed in a 2D FLAC
model for plane-strain conditions.  This model is somewhat conservative, because the
plane-strain conditions imply the cavern is an infinitely long cylinder, which neglects the
constraining effects of the rock mass above and below the cavern.  The conceptual FLAC
model is shown in Figure 4-11 and is taken to represent a horizontal section at the cavern
mid-height.  Note that, because of symmetry, only a quarter of the cavern needs to be
analyzed.  The model parameters used are listed in Table 4-3, with the rock mass defined
as an elasto-plastic material using a Mohr-Coulomb failure criterion.

Figure 4-11 Conceptual FLAC Model of a Horizontal Section Through the Mid-
Height of the LRC

12-mm Steel Liner
Bituminous Liner
Concrete Liner
Rock Mass

Pressurize
Caver
20

Cavern Wall

Isotropic or Anisotropic
In-Situ Horizontal Stress

Isotropic or Anisotropic
In-Situ Horizontal Stress
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Table 4-3   Parameters Used in FLAC Model to Evaluate Cavern Wall Response

Parameters Rock Mass
Concrete

Liner
Steel
Liner

Sliding
Interface(a)

Bulk Modulus (GPa) 20 16.7 167 —
Shear Modulus (GPa) 15 12.5 77 —
Friction Angle (degrees) 34 35 — 5
Dilation Angle (degrees) 0 0 — —
Cohesion (MPa) 13.4 9.6 — —
Tensile Strength (MPa) 0 2.7 — —
Density (kg/m3) 2400 2400 7870 —
Normal Stiffness (MPa/m) — — — 113e9(b)

Shear Stiffness (MPa/m) — — — 113e9(b)

(a) i.e., bituminous layer
(b) assumed values

The material properties in Table 4-3 were taken from the LRC review documents and are
intended to reflect average conditions.  The steel-liner thickness was 12 mm, and the con-
crete liner was approximately 1 m.  The viscous bituminous layer between the steel and
the concrete liners was included as a sliding interface with zero cohesion and a low fric-
tion coefficient.  Note that the structural element logic in FLAC was used to simulate the
steel liner assuming an elastic response of the steel.

The model in Figure 4-11 was evaluated for isotropic and anisotropic in-situ horizontal
stress conditions.  According to the review documents, the in-situ horizontal stresses at
Skallen are anisotropic, with estimated minimum and maximum stresses of about 4 MPa
and 8 MPa, respectively, in the principal directions.

The model was analyzed first for isotropic horizontal stresses of 4 MPa and a cavern gas
pressure of 20 MPa.  The predicted results are shown in Figure 4-12, with an average
radial wall displacement of about 14 mm and an average steel-liner strain of about 0.09%.
This strain is considerably less than twice the steel yield limit of 0.34%, ensuring a cyclic
steel-liner strain that operates only in the elastic range.  When accounting for a static pore
pressure of 1.25 MPa associated with the groundwater, the results change only slightly, to
a maximum strain of 0.1% and a wall radial displacement of 15 mm.  These results sug-
gest the design is adequate for conditions of an isotropic, initial horizontal-stress state.

When evaluating the model for an anisotropic horizontal stresses state of 4 MPa and 8
MPa, the results obtained are shown in Figure 4-13.  The maximum radial wall displace-
ment is 15 mm in the direction of the minimum in-situ stress and 11 mm in the maximum
stress direction.  The highest predicted  steel  liner  strain  is  0.18%  percent  —  which
is  at  the  yield  limit and double that of the isotropic conditions, but still well below
twice the yield limit of 0.34%. As in the isotropic case, the effect of pore pressure from
the  groundwater  only  slightly  changes  the  results.  The  analyses  demonstrate that the
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Rock Mass Plasticity Steel Liner
Displacements

Steel Liner
Strain

15e-3 m

0.07 %

Press = 20 MPa
0.18 %11e-3 m

σ = 8 MPa

σ = 4 MPa

Figure 4-12 Predicted Rock-Mass Failure, Radial Wall Displacement, and Steel-Liner
Strain for Isotropic In-Situ Stress Conditions of 4 MPa  (steel liner shown
in red)

Figure 4-13 Predicted Rock-Mass Failure, Radial Wall Displacement, and Steel-Liner
Strain for Anisotropic In-Situ Horizontal Stress Conditions of 4 MPa and
8 MPa  (steel liner shown in red)

effect of anisotropy can be significant and underscore the importance of understanding
local site conditions in designing the LRC.  Note that the steel-liner strain in Figure  4-13
does not show a smooth transition from the minimum to the maximum value.  This is a
consequence of local tensile failures (i.e., implied tensile cracks) that occur along the
concrete liner.  As expected, the tensile failure in the concrete liner is associated with
higher local strain in the steel liner.  While the interface used to simulate the bituminous
layer allows slip to occur between the steel and the concrete, enough shear strength is
mobilized to cause significant local strain in the steel liner.  Considering that average

Rock Mass Plasticity Steel Liner
Displacements

Steel Liner
Strain

14.4e-3 m

0.09 %

Press = 20 MPa

σ = 4 MPa

σ = 4 MPa
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rock-mass conditions are used, these results suggest the design is also adequate for con-
ditions of an anisotropic, initial horizontal-stress state.

The systems of natural fractures in a rock mass can form rock blocks and wedges that are
free to move individually under sufficient force.  In many instances in underground exca-
vations, these rock wedges and blocks represent a potential problem in terms of keeping
the excavation stable simply under the force of gravity and the in-situ ground stresses.
Because the forces associated with the gas pressure in an LRC are substantial, a real po-
tential exists for displacing any precariously located blocks or wedges in the cavern wall
relative to the surrounding rock mass.  This relative rock displacement at the cavern wall
can lead to high local strains in the steel liner.  While the continuum representation of the
rock mass as used in the above analyses cannot address the potential for block motion,
estimates of its effect can be explored.  The results of motion of an assumed rock wedge
are shown in Figure 4-14.  The final state for the case of isotropic in-situ stress analyzed
previously was selected, and the assumed rock wedge was forced to move about 0.05 m
relative to the surrounding rock mass in the direction shown in the figure.  Because of the
high gas pressure, the concrete and steel liners  conform  to  the wedge motion, resulting
in a maximum local strain in the steel of 0.54% during the first pressurization cycle.

Figure 4-14 Predicted Radial Wall Displacement (Green) and Steel-Liner Strain
(Blue) As a Result of Deformations of an Assumed Rock Wedge (4-MPa
isotropic in-situ stresses conditions; steel liner shown in red)
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Since the liner response is elastic in these analyses, the actual local strain (sum of elastic
and plastic strain) may be larger. Because the relative motion of rock wedges and blocks
can be expected to decrease significantly after the initial cavern pressurization (i.e., the
blocks have become “seated”), the strain range in subsequent cycles can be expected to
be smaller than 0.54%.  Because the possibility of encountering rock wedges is real at
any likely LRC site, the simple analysis above is a reminder of the need to understand the
rock mass well enough to identify and immobilize such wedges and blocks, if necessary.
Further evaluation of this potential problem is presented in Section 4.2.2, which discusses
the discontinuum aspect of rock mass deformations.

4.2.1.2 Vertical Cavern Section

The response of the cavern wall was also evaluated in a vertical section using the same
axisymmetric FLAC model shown in Figure 4-9.  While  Ko = 2 was used in this model
for the ratio of in-situ horizontal-to-vertical stress, the in-situ horizontal stresses were
isotropic (a limitation of the axisymmetric assumption).  To include anisotropy of the in-
situ horizontal stresses in this case would require a fully three-dimensional model.  The
axisymmetric model accounts for much of the three-dimensional effects associated with
an LRC response, and is valid for reasonably homogeneous and isotropic rock-mass con-
ditions.  The steel and concrete liners are not expressed explicitly in this model; thus, the
predicted strains are that of the rock.  In the vertical plane, it is the average tangential
strain across the finite-difference zone dimension that is reported.  In the horizontal
plane, the tangential strain represents the average based on the full circumference of the
cavern wall.  Thus, the local strain in the steel liner could be higher than that predicted in
this model.

Results for rock mass conditions similar to Skallen are illustrated in Figure 4-15.  The
tangential strains in the cavern wall in the vertical and horizontal planes are plotted start-
ing from the middle of the dome to the middle of the invert.  The tangential strain along
the wall in the vertical plane shows peaks (1) in the corners between the dome and the
vertical wall, and (2) between the wall and the invert.  Stresses tend to concentrate at cor-
ners, resulting in more local failure of the rock mass.  The green and purple symbols in
the cavern sketch in Figure 4-15 show the local rock-mass failure that has taken place
along the cavern wall.

Current tensile failure is indicated in purple, while previous shear or tensile failure is in-
dicated in green.  Local concentration of failure is observed in the corner regions of the
cavern wall.  The highest tangential strain of 0.2% occurs in the vertical plane at the rela-
tively sharp corner between the vertical wall and the invert.  As expected, hardly any tan-
gential strain is induced along the straight vertical portion of the cavern wall where the
effect of the pressure is primarily in the horizontal direction.
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Figure 4-15 Predicted Vertical and Horizontal Tangential Strains Along the Cavern
Wall

The predicted tangential strain in the horizontal plane of the axisymmetric model shows a
maximum of 0.05% approximately at the mid-height of the wall, corresponding to a hori-
zontal wall displacement of about 9 mm.  These predictions can be compared to the re-
sults obtained previously in the plane-strain model for the conditions of isotropic in-situ
horizontal stress, where the average strain was about 0.09% and the radial wall displace-
ment 14 mm.  Much of the difference between these results can be attributed to the con-
servatism associated with the plane-strain assumption in the model of the horizontal
cavern section.

The results of these FLAC models of the response of the cavern wall generally fall well
within the guidelines expressed by the LRC design criterion.  However, the results rely
on the assumption that the mechanical response of a naturally fractured rock mass can be
represented by the smeared response of a continuum material.  Rock blocks, particularly
wedges, created by the intersection of the cavern with the natural rock fractures can effect
local deformations of the cavern surface in ways that may be important to the structural
integrity of the steel liner.  Therefore, the use of continuum models in estimating the re-
sponse of the LRC wall must be evaluated very carefully.
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4.2.2 Independent Analysis of the Cavern Wall Using a Discontinuum Approach

All rock masses are more-or-less naturally fractured; hence, an important consideration
when designing underground openings is the extent to which these fractures may influ-
ence the design.  For openings in crystalline rock at shallow depths (i.e., < 500 m), such
as an LRC, opening deformations and stability are primarily associated with the me-
chanics and kinematics of the interlocking blocks and wedges created by the natural
fractures.  The type of analysis to use in assessing the stability/deformations for these
conditions generally depends on the block geometry and size relative to the size of the
underground opening.  Treating the rock mass as a continuum normally means that the
blocky system responds in a homogeneous and isotropic manner, while explicitly in-
cluding the natural fractures means that a distinction of relative block deformations can
be made.

General guidelines (e.g., Hoek and Brown, 1980) exist for determining whether it is rea-
sonable to represent the rock mass as a continuum or discontinuum.  The keyword is
guideline, and the choice of a continuum or discontinuum approach must be decided
based on the specific conditions and intended purpose of the cavern.  Of course, this re-
quires that sufficient information exists about the site-specific nature of the natural frac-
tures, which must come from local geophysical data.  For LRC storage, the high gas
pressure and shallow depth puts it in an unconventional category in terms of design load.
The maximum cavern gas pressure is considerable, from 4 to 8 times that of the in-situ
ground stresses.  Maintaining the structural integrity of the thin steel liner for the design
load is imperative to the LRC objective. This means that accurate assessment of the local
cavern wall deformations is exceedingly important and strongly suggests that an evalua-
tion of the wall response should include a discontinuum analysis.

A discontinuum approach, such as the distinct element method (Cundall, 1971), has be-
come routine in the design analyses of underground openings, and it is applied in this
review (in a simplified manner) as an example for conditions similar to the Skallen dem-
onstrations plant. The two-dimensional Universal Distinct Element Code (Itasca, 1999)
was used for this purpose. UDEC simulates the two-dimensional mechanics of an inter-
locked system of blocks of arbitrary shape and allows for individual block-to-block slid-
ing, separation, and rotation.

In the context of the LRC, the discontinuum model is used to estimate the extent of frac-
ture opening in the wall as a result of the high internal cavern pressure. It is also used to
explore the formation and differential displacement of rock wedges in the wall. Both
fracture opening and wedge displacement can result in high local strains in the steel liner.

To evaluate these effects, UDEC was applied to horizontal and vertical sections of the
LRC.  The conceptual models are shown in Figures 4-16(a) and (b). These are plane-
strain models and are, therefore, conservative in terms of the predicted deformations.
Note, however, that the only purpose in this case is to illustrate the qualitative aspects of
a discontinuum analysis in the context of LRC conditions. When applied in a careful and
detailed manner, discontinuum analyses can also provide a useful quantitative perspective
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Figure 4-16 Conceptual UDEC Model of LRC conditions:  (a) horizontal section;
(b) vertical section

of fracture opening and relative shear displacement in the vicinity of the cavern wall. The
steel liner was not included in these models, but the concrete liner was present and was
simulated as an elasto-plastic material using a Mohr-Coulomb failure criterion. The
model parameters used are listed in Table 4-4. The natural fractures have stiffness both in
the normal and shear directions and shear strength characterized by an initial cohesion
and constant friction coefficient.  The rock blocks were taken to respond elastically.

Ground Surface

Rock
K = 24.0 Gpa
G = 14.4 Gpa
Dens = 2400 kg/m3

Ko = 1.0
Joints
Fric = 30 deg.
Coh = 0 MPa
Dilation = 0 deg.
Kn = 10 GPa/m
Ks = 10 GPa/m

20 MPa
 Gas

Pressure

Concrete Liner
Thickness 1.0 m
K = 16.7 GPa
G = 12.5 GPa
Dens = 2400 kg/m3

Fric = 45 deg.
Coh = 9.6 MPa
Dilation = 0 deg.
Ten. Str. = 2.7 MPa

Explicit Joints

Explicit Joints
4MPa Isotropic
In Situ Horizontal
Stresses

Rock, Joint, and
Concrete Liner
properties are the
same as for the
vertical section

20 MPa
 Gas

Pressure

Diam = 35 m(a)

(b)
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Table 4-4  Parameters Used in the UDEC Model

Parameters Blocks Joints Concrete Liner

Bulk Modulus (GPa) 24 — 16.7
Shear Modulus (GPa) 14.4 — 12.5
Normal Stiffness (GPa/m) — 10 —
Shear Stiffness (GPa/m) — 10 —
Friction Angle (degrees) — 30 45
Dilation Angle (degrees) — 0 0
Cohesion (MPa) — 0 9.6
Tensile Strength (MPa) — 0 2.7
Density (kg/m3) 2400 — 2400

The horizontal section was analyzed only for conditions of isotropic in-situ horizontal
stresses of 4 MPa; in the vertical section, Ko = 2 was used for the ratio of in-situ hori-
zontal-to-vertical stress. The models were cut by an assumed system of natural fractures
consisting of three separate sets, each with a different — but constant — orientation and
fracture spacing. Fracture orientation and spacing could be assigned statistically or from
detailed mapping, when such information is available.  The effect of continuous and fi-
nite-length fractures was evaluated. Although natural fractures in crystalline rock can be
persistent over considerable distances, they are rarely continuous.

Figure 4-17 shows results of the UDEC model for the vertical LRC section for the cases
of continuous and finite-length fracture systems. The red-colored lines identify locations
of relative shear displacements in the fracture systems. The thicker the line appears, the
higher the shear displacement. It is apparent from these results that rock wedges develop
and are being forced into the rock mass by the gas pressure. More important is the obser-
vation that the wedge itself consists of many smaller blocks, which could have been used
initially to justify a continuum approach according to the general guidelines by, for ex-
ample, Hoek and Brown (1980). Thus, this result points out the importance of including
discontinuum analysis among the tools used in LRC design. Note that, even for less-
organized fracture systems than those shown in Figure 4-17, the block kinematics can be
such that significant rock wedges develop.

It should be emphasized that the pressure-induced rock wedge movements are inelastic,
which precludes most of the movements from reversing upon cavern depressurization.
This implies a cavern wall load-displacement response that is hysteretic, but with
diminishing hysteresis during repeated cavern pressurization/depressurization cycles.
The diminishing aspect of the hysteresis is important in estimating the maximum induced
steel-liner strain, as the cyclic strain (i.e., strain range) potentially will be high only dur-
ing the first few cavern pressure cycles.
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 Figure 4-17 Formation of Rock Wedges in the Cavern Wall Identified by the Predicted
Shear Displacements Along the Natural Rock Fractures (indicated in red)
As a Result of Cavern Pressurization

In Figure 4-18, the prediction of fracture separation is shown in the same manner as for
the previous shear displacements.  Opening of rock fractures in the cavern wall occurs in
the same general location as where the significant wedges formed.  While the finite-
length fractures tend to reduce wedge formations, it has a lesser effect on fracture open-
ing and maximum wedge displacements.

Figure 4-18 Predicted Separation (i.e., Opening) of the Natural Rock Fractures (indicated in
red color) As a Result of Cavern Pressurization

Continuous  Joints Discontinuous Joints

Maximum Shear Disp. 65 mmMaximum Shear Disp. 75 mm

Continuous Joints Discontinuous Joints

Maximum Separation 10 mmMaximum Separation 10 mm
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Figure 4-19 illustrates the results of the UDEC model for the horizontal section in terms
of cavern deformation, fracture shear displacement, and fracture separation.  Although
the in-situ horizontal stresses and material properties are isotropic, a non-uniform cavern
displacement indicates anisotropic conditions.  The apparent effect of anisotropy is a re-
sult of the fracture system and, more importantly,  the fracture orientation — thus, it is an
effect of material anisotropy.  The direction of the largest wall displacement is indicated
in Figure 4-19; it falls along the line of most wedge formation and fracture separation.

Note that the purpose of these UDEC models was not to predict accurate deformations of
the cavern, but to illustrate qualitatively the richness of the rock mass response embedded
in these models.  At any given LRC site, rock wedges are likely to appear, and fracture
separation will occur during cavern pressurization.  Discontinuum analysis is an approach
that considers the local aspect of these issues in the context of predicting the steel liner
strain.

4.3 Concrete-Liner Fracture Analysis

The development of cracks in the reinforced concrete liner can be expected as a result of
local deformations in the adjacent rock mass during cavern pressurization.  An accurate
evaluation of the size of these cracks is important to the prediction of the associated local
strain in the steel liner.  In this context, the review documents present, in some detail, an
approach for analyzing induced fractures in the concrete liner.   The approach uses a fi-
nite element model to predict the local crack development in the concrete as induced by
the separation of a vertical fracture in the rock mass.  The model characterizes the con-
crete as a Mohr-Coulomb material with a tension cut-off (i.e., finite tensile strength).
Unless the tensile strength in each element of this model reflects the critical fracture
toughness (or critical energy-release rate) of the reinforced concrete, the solution be-
comes mesh-dependent (Detournay et al., 2001).  This can affect both the predicted crack
separation and distribution.

In lieu of a more sophisticated fracture propagation analysis, the finite element approach
described in the review documents should use a tensile strength that reflects the material
toughness of the concrete liner.  An example of the derivation of this tensile strength is
provided in Appendix B.
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Figure 4-19 (a) Cavern Wall Displacements, (b) Predicted Shear Displacements, and
(c) Separation (i.e., Opening) of the Natural Rock Fractures (indicated in
red) As a Result of Cavern Pressurization

14
8 

m
m

165 mm

Direction of Maximum
Wall Displacement

Maximum Shear Disp 37 mm

Maximum Separation 3 mm

(a) (b)

(c)
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5.0 REVIEW OF THE LRC DESIGN METHODOLOGY

5.1 General Comments

A brief summary of the LRC design methodology was given in Section 3.3.  In general,
the review documents convey a methodology that seems to recognize the need for, and
value of, a phased design approach that builds site-specific geophysical understanding
through incremental site characterization and analysis.  Also reflected in the methodology
is the use of the Observational Approach during cavern excavation to treat unexpected
conditions that may require changes to the final LRC design.   Thus, the methodology
shows recognition of the unique and uncertain characteristics of a rock mass.  This is
further reflected, in a seemingly disciplined manner, through the use of a probabilistic
design approach.

Two key LRC design criteria are expressed in the review documents:  (1) safety against
ground uplift; and (2) maximum induced strain range in the steel liner.  Both criteria,
which are closely tied to the mechanical response of the rock mass, address the essential
LRC design aspect of limiting the strain induced in the steel liner — that is, the rock mass
overburden must be sufficient to provide effective resistance to the maximum cavern
pressure.

The LRC design methodology oversimplifies the evaluation of ground uplift by its use of
the rigid-cone and log-spiral limit-equilibrium models.  Independent calculations using a
numerical model (refer to Sections 4.1.2 and 4.1.3) show that the soil-anchor analogy
used in the development of the rigid-cone and log-spiral models is not well-suited to de-
scribe the more complex loading and material response of LRC conditions.  Both the
rigid-cone and log-spiral models are exceedingly conservative, primarily because they
oversimplify the mechanistic aspects of ground uplift associated with a pressurized, lined
rock cavern.  While uplift response can be evaluated mechanistically with relative ease
using a numerical model, there seems to be an objection in the review documents to using
a numerical model for this purpose.  The documents suggest that such models are unable
to provide a reliability measure and have difficulties in handling large deformations.  For
most available finite-element or finite-difference numerical codes in rock mechanics
(e.g., FLAC, in these analyses), neither of these arguments is accurate.

The two key LRC design criteria mentioned are central to the FLRC1 and FLRC2 models
used as part of the design methodology to evaluate the feasibility and the design of lined
rock caverns.  These models represent streamlined calculation procedures that rely on
rock index properties and empirical relations to estimate the rock-mass mechanical prop-
erties (i.e., stiffness and strength), and limit-equilibrium, finite-element and analytical
(homogeneous and isotropic) models to estimate cavern location (i.e., depth), maximum
gas pressure, cavern deformations, and steel-liner strain.  Thus, these models represent
knowledge-based expert systems for LRC siting and design.



Technical Review of the Lined Rock Cavern (LRC) Concept and Design Methodology 33

The simplification in material response and rock mass conditions reflected in the FLRC1
and FLRC2 models is in contrast to what, elsewhere in the review documents, seems to
be recognition that each rock mass is a unique material with uncertain characteristics.
Most notably, these models do not account for possible local effects associated with the
explicit nature of a naturally fractured rock mass.  In most strong igneous and metamor-
phic rocks like dolerites, basalts, granites, gneisses and quartzites, the stability of caverns
of LRC size and depth (about 200 m) will depend almost entirely upon structurally con-
trolled rock wedges and blocks exposed as a result of the cavern excavation.  While, ar-
guably, such stability can sometimes be evaluated using the average rock-mass response
accounted for in the FLRC1 and FLRC2 models, the requirement to limit the steel-liner
strain will most certainly depend on the local rock-mass response at the cavern wall.
However, by definition, average rock-mass conditions cannot differentiate such a local
response.  Independent calculations using average rock-mass conditions (in the contin-
uum FLAC model) and accounting for explicit, natural rock fractures (in the distinct ele-
ment model, UDEC) illustrate the possibility of local effects along the cavern wall from
fracture separation and shear (associated with rock wedge or block deformations).  With a
distinct element approach, the effect of realistic fracture patterns on the cavern-wall re-
sponse can be incorporated and analyzed.  Depending on the conditions, the local steel-
liner strain range could be found to exceed 0.34% (i.e., twice the yield limit) using these
models, which potentially would affect the fatigue life of the liner.  It is important, there-
fore, to gather information during site characterization that describes the natural rock
fractures (dip, strike, roughness, weathering, alteration, etc.) and to investigate the char-
acteristic fracture stiffness and strength through laboratory testing.  Careful use of this
and other site information in distinct element models can warn of possible local problems
in cavern-wall/steel-liner response.  Detailed fracture mapping, which is possible during
cavern excavation, should be considered for use in distinct element models to provide
additional assurance of adequate design.

The review documents presenting experimental results from the Grängesberg Test Plant
show that separation and differential slip along fractures occur as a result of cavern pres-
surization. Although it is encouraging that rock fracture deformations did not cause
structural difficulties with the steel liner in this case, it must be noted that this observation
cannot be extrapolated to other sites, where rock mass conditions will be different.  Rock
masses are unique and uncertain in their characteristics, and they must be evaluated on
this premise.  Because the current LRC design methodology is based on an integrated
procedure of relatively simple analyses contained in the FLRC1 and FLRC2 models, it is
important that the methodology also includes the use of detailed numerical models for the
purpose of confirming the adequacy of the design.  The detailed analyses should be con-
ducted at various stages in the design process using both continuum and discontinuum 2D
and 3D numerical models as appropriate.

The LRC design methodology as presented by the review documents applies to the con-
ditions for which a single cavern is designed.  However, an LRC facility may contain
multiple caverns.  If overlapping effects are expected between caverns, the LRC design
methodology must be used with great caution.  In this case, the design should rely on
detailed numerical models that can account for cavern interactions.
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The methodology does not consider the possibility or the effects of seismic load.  The
possibility of significant seismic load is great in many parts of the world and should be
considered in the LRC design methodology.  Statistically realistic seismic records can be
determined (e.g., from an equal-probability seismic hazard spectrum). When such records
are used in detailed 3D numerical models, the response of the operating LRC can be
evaluated for the dynamic load associated with a possible earthquake.

From the review documents, it appears that much was learned about the basic rock mass
response from the Grängesberg small-scale experiment.  However, the scale of the ex-
periment was too small to serve as proof-of-concept.  Operation of the large-scale Skallen
demonstration plant, currently being constructed, will be very important in this context.
While the need for refinement of the design methodology have been pointed out, the ex-
tensive experimental efforts behind the methodology (i.e., the small-scale Grängesberg
test and, currently, the large-scale Skallen demonstration plant) are extremely encourag-
ing and provide real understanding that no amount of numerical modeling alone can con-
tribute.

5.2 Probabilistic Design Approach

All rock masses are inherently heterogeneous in their mechanical characteristics, and this
attribute is a substantial reason behind the challenges of building stable structures in rock.
Traditionally, uncertainties in a rock mass response are treated by conducting systematic
design analyses — e.g., analyzing detailed deterministic numerical models for a range in
conditions and rock mass properties.  Such ranges are often estimated from experience
using sparse data of lithology, rock structure, in-situ stress, and basic rock-mass index
properties, and would represent a maximum credible range.  When analyzed for a set of
lower-bound properties and conditions, the results must indicate, as a minimum, a barely
adequate design.  If little inelastic response is expected, measurements of rock mass de-
formations during excavation can be used to verify initial estimates of rock mass stiff-
ness.  Detailed numerical models are used for this purpose in so-called “back-analyses”,
where the rock mass stiffness is adjusted to match the measured deformations.  In combi-
nation with careful observations during construction, the traditional approach generally
leads to the design of stable and economical underground structures.

The LRC design methodology uses a probabilistic approach.  The use of such an ap-
proach in rock engineering in the United States is not common.  While there may be
many reasons for this, they are not necessarily all good— for example, the unfamiliar
concept among many rock engineers of the probability of failure, or even accepting fail-
ure.  The many choices of methods include Monte Carlo simulation, Latin Hypercube
sampling technique (Iman et al., 1980), Fast Probability Integration method (e.g.,
Wirsching and Wu, 1987), First-Order Second-Moment methods (e.g., Ang and Tang,
1975), Point Estimate method (Rosenblueth, 1981).  The differences between these meth-
ods can make the topic confusing.  More legitimate reasons are supported by the often-
sparse geophysical data available to the rock engineer, which hardly justifies a probabil-
istic design approach.
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The probabilistic approach in the LRC design methodology is imbedded in the FLRC1
and FLRC2 models, which make use of Monte Carlo simulations to generate, for exam-
ple, a probabilistic distribution of rock-mass strength properties from a distribution of
rock index properties.  Subsequently, a probabilistic distribution of steel-liner strain is
generated from simple models that use the stochastic input of rock mass properties and
conditions.  The Monte Carlo method requires the entire probability density function of
each independent variable to be known initially.  This is seldom the case.  If assumed
functions are used, as the review documents indicate, the outcome (e.g., rock mass prop-
erties or steel-liner strain) will be affected by the assumption!

One positive aspect of a probabilistic approach is that it provides an organized and disci-
plined way of considering uncertainty (e.g., in the basic rock-mass properties) and its
affect on the response (e.g., steel-liner strain).  However, in cases of sparse geophysical
data, it does not necessarily lead to a technically better or more economical design than
that obtained from traditional methods.

A reasonable check of the probabilistic prediction would be to perform a detailed design
analysis using a deterministic numerical model for credible lower-bound rock-mass prop-
erties and conditions.  The minimum acceptable result of this check would be a barely
adequate design.

6.0 CONCLUSIONS

The rock mechanics review of the Lined Rock-Cavern Storage Concept and Design
Methodology has focused on the feasibility of this technology, and the robustness of its
design methodology.  The standard of the review has been the demonstrated principles of
designing large stable underground openings in rock.  The conclusions that follow are
based on the design methodology’s adherence to these principles.

6.1 Summary and Observations of the Rock Mechanics Review

With some noted exceptions, the review documents convey the implementation of the
LRC concept as a carefully planned incremental design procedure.  The procedure is im-
plemented in the two models FLRC1 and FLRC2, which use empirical relations and iso-
tropic and homogeneous analytical models to express the basic rock-mass conditions,
properties, and average mechanical response.  Integrated with a probabilistic design ap-
proach, the results of these models is a probabilistic distribution of the worst-point steel-
liner response in terms of maximum strain and cyclic strain range.

Independent analyses of the concept were conducted using continuum and discontinuum
numerical models.  These models show that a soil-anchor analogy, which is embedded in
limit equilibrium models for evaluating ground uplift, greatly oversimplifies the condi-
tions of potential uplift.  The analogy and the LE models may not be well-suited to de-
scribe the relatively complex rock-mass response from a pressurized LRC.  Continuum
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numerical models used to evaluate the cavern-wall response and steel-liner strain for the
Skallen LRC demonstration plant show results in reasonable agreement with the those
expressed in the review documents using the LRC design methodology.  However, the
steel-liner response may be affected by the local rock-mass conditions in the vicinity of
the cavern wall.  This local response results from intersecting fractures occurring natu-
rally in rock masses, creating rock wedges in the cavern wall.  Thus, treating the rock
mass as a continuum can oversimplify the rock mass response and potentially underesti-
mate the steel-liner strain.

While the use of somewhat simple design analyses may be reasonable, it suggests that
confirmation of the design adequacy be made at various intervals in the design process
using detailed numerical models, both continuum and discontinuum, for two- and three-
dimensional conditions, as appropriate. Although numerical models have been used
throughout the development of the LRC design methodology, the methodology does not
specify that such models be used in a design-confirmation context during the design pro-
cess.  This is a significant concern.  However, the problem can be remedied easily by
conducting detailed design evaluations at suitable intervals.   Because these are inde-
pendent, detailed, numerical-model evaluations, they are conducted apart from the design
analyses and probabilistic procedures of the FLRC1 and FLRC2 models and, therefore,
will not complicate these procedures.

The review found the finite element model of the fracture evaluation of the concrete liner
to use a no-tension fracture propagation criterion.  It is noted that fracture propagation
depends on the material toughness (or critical energy-release rate).  Unless the tensile
strength of the concrete is calibrated to the toughness and the element size used in the
analysis, the fracture predictions using this approach would not be appropriate.  In lieu of
a more sophisticated fracture mechanics analysis, the current method should use consis-
tent values of tensile strength and fracture toughness.  An example derivation of consis-
tent values of tensile strength and material toughness is provided in Appendix B.

The LRC design methodology should be used with caution when multiple caverns are
involved that have overlapping influence.  In this case, detailed design evaluations will be
necessary using numerical models.

The effect of seismic loads is not considered in the LRC design methodology.  The po-
tential for seismic loads should be included.  The effect of such loads would require de-
tailed evaluations using numerical models.

6.2 Judgement of the LRC Concept

The judgement of the overall LRC concept is based on the content of the review docu-
ments, the independent calculations presented, and the past development and perform-
ance of existing large underground caverns.  The LRC attributes of concern are (1)
cavern size, (2) cavern geometry, and (3) cavern loading.
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6.2.1 Cavern Size

Although constructability issues were not part of this review, the size of the caverns nec-
essary for LRC is not unprecedented in the development of underground openings in
crystalline rock.  Hamrin (1986) reports the construction of a cavern for radioactive-
waste disposal that is of comparable size and shape to an LRC.  Examples of very large
and complex underground caverns can also be found in the development of hydroelectric
power plants (e.g., Dasgupta and Sharma, 1999), hydrocarbon storage facilities (e.g.,
Høsøien, 1986) and civil projects such as sports arenas (e.g., Rygh, 1986, Barton et al.,
1991).

6.2.2 Cavern Geometry

In relative terms, the LRC geometry can be considered simple.  The domed vertical cyl-
inder with a rounded invert is an inherently stable shape with respect to gravity loading
and the in-situ horizontal stresses in the rock mass.  Compared, for example, to the sys-
tem of caverns in a hydroelectric power complex, the compact geometry of the LRC pro-
vides higher flexibility in placing the cavern at an optimum location for construction and
operation stability.

6.2.3 Cavern Loading

When developing underground openings for civil or mining purposes, in the vast majority
of cases, the concern is to maintain stability of the surrounding rock mass as it is being
loaded by gravity and the in-situ rock mass stresses (i.e., the service load).  Relatively
large displacements in the rock mass are generally acceptable as long as the final opening
remains stable.

While, obviously, the LRC must remain stable for the purpose of construction, it differs
somewhat from the conventional use of large caverns by its service load (i.e., the gas
pressure) and the need to minimize the tensile strain in the thin steel liner.  While pres-
surized caverns exist (e.g., compressed-air energy storage, surge chambers associated
with hydroelectric power plants), the level of the pressure relative to the rock-mass in-situ
stress conditions is unique for LRC (higher by a factor of about 4 to 8).  As a result, any
inward deformations (elastic and plastic) of the rock mass during construction will be
reversed upon cavern pressurization.  The average amount of deformation associated with
the cavern pressurization depends on the stiffness and the strength of the rock mass, as
well as the cavern geometry (its height-to-diameter ratio and amount of roof and invert
curvature).  Rock-mass structural features (i.e., natural fractures) will affect the local de-
formations of the cavern wall and, therefore, the steel-liner strains.
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6.2.4 Judgement

The successful development of the LRC concept will depend on a careful and flexible
approach that incorporates established rock-mechanics principles to achieve a balanced
union between a good understanding of the rock mass conditions and the mechanical re-
sponse, the possible cavern size, and the maximum gas pressure.  With some noted ex-
ceptions, it appears that the LRC design methodology reflects this type of approach.
Central to the approach must be a thorough evaluation of the natural rock-mass structure
(i.e., pre-existing fracture sets and major discontinuities, such as faults, shear zones, and
weak areas of the rock), including the effects this structure might have on cavern-wall
deformations.  Such approaches are advocated and commonly used in the design and de-
velopment of underground facilities.  When considering the vast experience that already
exists in large cavern development, it is reasonable to expect that stable, lined rock cav-
erns can be constructed.  With the use of a careful development approach that relies not
only on continuum models, which treat the rock mass response in an average sense, but
which also use models that include the discontinuum nature of rock masses, it is also rea-
sonable to expect that an LRC can be built to maintain operation for the levels of pres-
sures indicated in the review documents.

6.3 Recommendations

This rock mechanics review of the LRC design methodology shows that adopting the
following recommendations can strengthen the current methodology.

♦  In lieu of a more sophisticated fracture-mechanics evaluation of the
concrete liner, the current finite-element fracture model should use a
tensile strength that is consistent with the fracture toughness.

♦  The LRC design methodology should include the use of detailed nu-
merical models (2D, 3D, continuum and discontinuum, as appropri-
ate) at certain stages in the LRC design process to verify the adequacy
of the design provided by the relatively simple analysis procedures in
the FLRC1 and FLRC2 models.

♦  The LRC design methodology should emphasize that its purpose is to
guide the design of a single cavern.  In a multiple-cavern LRC com-
plex, potential overlapping cavern effects must be analyzed with the
use of detailed three-dimensional numerical models.

♦  The LRC design methodology should include a seismic potential
evaluation.  If significant potential exists, the LRC design methodol-
ogy should include an evaluation of the dynamic loads from a statisti-
cally realistic seismic event using a detailed numerical model.
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♦  The LRC design methodology should include a verification of its
probabilistic approach by evaluating the design for a set of credible
lower-bound conditions using a detailed numerical model. The mini-
mum result of the model should be a barely acceptable design.

These recommendations are associated primarily with verification of the design adequacy
using detailed numerical models, and are a result of the somewhat simple design analysis
methods used in the current methodology.  The recommendations do not directly involve
the design procedure implemented in the FLRC1 and FLRC2 models.  Therefore, these
recommendations can be implemented easily in the current LRC design methodology and
would strengthen this methodology.
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STORAGE OF GAS IN LINED SHALLOW ROCK CAVERNS -CONCLUSIONS BASED ON RESULTS
FROM nIB GRANGESBERG TEST PLANT

Jan Johansson
Naturgaste/azik AB, Stockholm, Sweden

Robert Sturk
Skanska Teknik AD/Royal Institute of Technology, Stockholm, Sweden

HAkan Stille
Royal Institute of Technology, Stockholm, Sweden

1 THE CONCEPT OF LINED ROCK
CAVERNS FOR GAS STORAGE

1.1 Background

-a concrete layer, serving as a base for the lining,
to transfer the pressure forces to the rock and to
distn"bute and absorb the deformation.

-the surrounding rock mass, absorbing the
pressure forces and thus acting as the pressure
vessel.

-a drainage system, taking care of groundwater
inflow as well as potential gas leakages.

It should be noted that the groundwater pressure
has no influence on the storage concept in respect of
pressure levels and gas containment. The gas sealing
is done by the liner only.

A lined gas storage must -fulfil two general
criteria related to the ability of absorbing the
pressure forces:

1. The rock cover above the facility must provide
sufficient resistance against up-lift.

2. The deformations in the rock mass and the
concrete layer must be limited so that the
deformation capacity of the liner is not exceeded.

The main objective with the research work
carried out within the field of lined gas storages is to
determine whether these demands can be fulfi11ed or
not.

I

Rock caverns bas during several decades been used
as storage facilities for a wide range of products. In
Scandinavia a large amount of unlined oil storage
facilities were built during the 60s and 70s. Some
unlined storages for gas have also been constructed.
The internal pressure in these storages bas not
exceeded 1 MPa. The main principle of the storage
concepts used hitherto is to let the ground water
confine the stored products by using the natural
ground water pressure or water curtains.

Internationally, however, a large number of gas
storages operated with high pressure exist. These
storages, for example depleted or operating oil and
gas fields, aquifers and salt caverns, are restricted to
areas with geological conditions and formations
unavailable in Sweden where proterozoic basement
rock is dominating.

As alternatives to the traditional high pressure
storages were needed in Scandinavia, two concepts
have been subjected to practical and theoretical
studies, lined shallow storages and water tightened
storages at large depths (for example Calminder &
Hahn 1982 and Lindblom 1986).

This paper descn'bes the present status of the
lined rock cavern gas storage concept, based on the
comprehensive test results from Griingesberg.

Concept Principles1.2

I

I

In short, the lined rock cavern concept, also shown
in Figure 1, is based on the interaction between the
following elements:

-an impermeable lining, with no pressure
absorbing function, enclosing the gas in the cavern. Figure 1. Horizontal section of the lined rock cavern

concept.
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1.3 T ecbnical and Economical Advantages The predominant type of rock in the area is a

medium-grained granite (Uniaxial Compressive
Strength = 340 MFa and Young's modulus = 56
GPa). An 8-9 m thick metabasite dyke traverses the
granite in the area in which the pilot plant is located.
One contact zone (width 0,5 m) is altered and forms
a weakness zone in the rock mass.

The initial stresses of the granite are low
according to the rock stress measurements, i.e. 1-4
MFa. The largest horizontal stress has a mean value
of 2.5 MFa and a north-west orientation. The
smallest horizontal stress has a mean value of 1.3
MPa. The mean value of the vertical stress is 1.4
MFa.

A classification of the rock mass was done using
both the Q method and the R1vIR method The
mechanical properties of the rock mass, the
deformation modulus and the compressive strength,
were evaluated based on RMR and Q values and
results from laboratory tests. The values of the
above parameters are shown in Table 1.

Table 1. Rock mass ofooerties.

When comparing the concept of lined shallow rock
caverns with the traditional gas storages concepts
(depleted reservoirs, aquifers and salt caverns) and
water tightened unlined caverns at large depths,
several technical and economical advantages can be
identified (Sarkka, 1994). The main advantage is the
fleXloility that characterise the lined concept. The
parameters that influence the total economy for a
storage project, for example pressure, temperature
and geometry, may to a large extent be varied.

The technical fleXloility, i.e. the possibility to
construct and locate lined storages of different sizes
in a wide range of geological environments, is
important mainly considering the possibility to
satisfy the regional and local storage demands.
Storage facilities of desired volume and capacity
may be constructed close to distnolition nets and gas
customers. A lined storage is suitable both to cover
seasonal load balancing and daily or weekly peak
demands. The shallow location alSo implies short
construction time.

Another important advantage with lined storages
is that the gas is fully contained, thus never coming
in contact with water or rock/soil. This implies that
contamination of the stored gas is avoided and
special treatment before distnoution to the net is not
needed. As the gas is dry and clean and the storage
is structurally stable, the withdrawal rate might be
held at a high level determined only on an economic
basis. Furthermore, practically the whole stored
volume can be utilised as working gas and no
cushion gas is needed.

Rock mass
section

RMR
value

Q value Young's
modulus

(GPa)

Compressive
strength
(MPa)

I
Granite
Metabasite
Weakness
zone

75

80
52

20
22

8

30
40

2

9
15
5I

2.2 Design of the test rooms

I
THE GRANGESBERG TEST PLANT2

I

The three test rooms are excavated as vertical
cylinders, the principle layout is shown in Figure 2.
The rooms are lined on the inside with concrete and
steel. The rock overburden above the rooms is 50 m.

Room I was designed specifically for the purpose
of testing a 0.4 mm thick lining of austenitic stainless
steel (SS 2343). The concrete lining is about 0.4 m
thick (the measured uniaxial compressive strength
after 28 days was approximately 45 MPa) and
conventionally reinforced (e510-c15Omm in a square
pattern, yield point 590 MPa minimum).

Room 2 is equipped with a lining of 6 mm plates
of micro-alloyed steel (yield point 350 MPa
minimum). The concrete lining is about 0.6 m thick
(the measured uniaxial compressive strength after 28
days was approximately 39 NIPa) and unreinforced.

Room 3 has a 0.5 mm thick lining of stainless
steel. The concrete lining is 0.3 m thick (the
measured uniaxial compressive strength after 28
days was approxjmately 36 MPa) and conventionally

To increase the knowledge about the concept a pilot
plant was constructed during 1988. The project
started as a joint venture including a number of
Scandinavian companies interested in developing
new techniques for storing natural gas. The pilot
plant is located in Griingesberg in central Sweden
25D-kIn west of Stockholm and comprises three test
rooms.

Outlines of the concept and the objectives of the
pilot tests have previously been presented by Lindbo
et al. 1989 and Tengborg 1989. Results from the
tests have previously been presented by Isander
1994 and Stille et al. 1994.

Geological conditions2.1
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Figure 10. Deformations in all horizontal mini-extensometers.

Concrete lining behaviour
The test rooms are equipped with a total of 69 mini-
extenso meters which have recorded both horizontal
and vertical movements in the concrete. The
extensometers are located in the inner part of the
concrete lining relatively close to the rock surface
(see Figures 3 and 4). The deformation in all the
horizontal mini-extensometers is shown in Figure 10,
which gives an indication of the size and variation of
the defonnations. The defonnations shown are the

tangential deformations that occur in the concrete
along a stretch of 1m.

Some parts of the steel lining have been
dismantled in Room 2 for the purpose of studying
the condition of the concrete behind it. The concrete
lining is relatively intact considering the large loads
to which it has been subjected. Cracks and crack
zones have formed at reciprocal intervals varying
between 0.25 m and 1 m. No large, loose pieces of
concrete or crush zones have been found. These
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observations are confirmed by the compressive
strength measurements performed on drilled
concrete cores. The result shows that the concrete
bas a compressive strength of 49-53 MPa after four
years compared with 42 MPa at the time of casting
(Apri11989), ie. an increase of 17-26%.
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Steel lining behaviour
As the project proceeded, it gradually became easier
to measure the strain in the lining of Room 2 due to
the installation of six micro-extensometers in all.
These sensors continuously measure the strain in the
steel lining over a measured length of 150 mm.
Figure 11 shows the strains in the lining during
Phase 4 in the micro-extensometer showing the
largest strain.

0 5 10 IS 20 25 30 35 40

Pressure (MPa)

45 50 55

Figure 12. Diameter changes in Room 2 during
Phase 4.

The total deformations at 25 MPa. and the
distnoution of the deformations have been
summarised in Table 2. The rock mass contnoutes
50% of the total radial deformations. The remaining
part is related to deformations in the concrete lining
and its transition zones. Local rock deformations
play an important role with regard to the total
behaviour in the pilot scale, causing a variation of
25%. The total radial deformation implies an
average tangential strain in the steel lining of 1.8%0.

12
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0
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Pressure (MFa)

45 50 550 5 10 15 20 Table 2. Size and distn"bution of radial deformation
at 25 MPa in the pilot scale (diameter 4.4 m).

Figure 11. Strains in the steel lining in Room 2
during Phase 4 in the micro-extensometer showing
the largest strain.

I Steellininl!

I Concrete lining

I
I Local rock

deformation

The average maximum strain in the steel lining is
4.5%0, thus exceeding the yield point of the steel
(1.70/00). Locally, much higher strains (up to 110/00)
have been measured due to local deformations in
connection with crack zones in the concrete. The
resulting permanent strains in the steel lining amount
to 50/00.

Samples from the steel have been subjected to
laboratory analysis. This metallurgic analysis ~lies
that the structure of the steel has not been aftected
by the high pressures and that the properties of the
steel after the loadings are unchanged in relation to
the original properties.

I Total deformation

GUIDELINES FOR DESIGN OF A LINED
GAS STORAGE

3

Criterias for Localisation3.1

As outlined in Chapter 1 the concept is characterised
by a high degree of fleXloility regarding for example
localisation. Though the concept has been primarily
developed and demonstrated to function well in
competent basement rock (Grangesberg), locations
within geological fomJations of lower quality are not
ruled out.

Total behaviour
The deformations in the structure as a whole (rock-
concrete-steel) have been measured with the aid of
convergence lines. An example of diameter changes
in Room 2 during Phase 4 is shown in Figure 12.
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The minimum geological requirements are
: connected with the possibility to excavate a large

scale rock cavern (diameter of 20-40 m). If this basic
criteria is fulfilled a lined gas storage may be
constructed. However, to make the storage
economically feasible the storage pressure must of
course be relatively high. The highest possible
storage pressure is dictated by the chosen lining
material and the geological conditions, ie. the
defonnations must not exceed the maximum strain
capacity of the lining. This leads to a design loop
(see Figure 13) where the design parameters are
optimised in relation to each other within the frames
of the geological conditions.

variation caused by peak demand is superimposed on
the long teml variation caused by seasonal storage.

In Sweden a maximum pressure of 20-25 MFa is
anticipated for commercial lined gas storage.
T ecbnically these pressure levels are definitely
realistic, which also has been demonstrated in
Grangesberg. According to the test results
considerably higher pressure levels might come into
question as the rock mass has shown a goO,d
pressure absorbing ability. The observed linear
deformation behaviour up to 52 MFa, see Figure 9,
support this statement.

Design l~p

I~e~o~tions I ~I'M~~ 1
lin lining I Istrain level I

Figure 13. Design loop for technical and economical
optimisation of a lined gas storage.

Obviously it is difficult to determine the minimum
geological requirements as the economical feasibility
depend on both site specific conditions and the value
of the storage facility in the specific gas system.
However, conclusions from the research work
carried out imply that a wide range of geological
formations all over the world may be suitable for
lined gas storage. Rock masses comparable to the
competent Scandinavian bedrock are found for
example in North-America, Scotland and parts of
Africa and Asia. Other useful geological formations,
i.e. some sedimentary and metamorphosed rock
masses, are found in for example Central Europe and
the British Isles.

Required Depth
The only real limitation of the rock mass ability to
withstand the inner pressure, considering a
reasonable competent rock mass, is the resistance
against vertical up-lift. This can be determined either
by calculating the weight of a cone shaped rock
overburden, or by using a the analogy of anchor
plates in a material with friction and cohesion. These
methods can be combined using numerical analysis.

By using these methods to calculate the resistance
against up-lift it has been concluded that a 35 m
diameter storage located in granitic rock requires a
rock cover of approxjmately 150 m at 25 MPa inner
pressure (Factor of Safety = 3). The required rock
cover for a similar storage located in sedimentary
rock is somewhat larger, approximately 180 m.

The calculations made are consistent and
therefore considered adequate. However, it has not
been possible to cahorate the methods as no
practical tests to failure have been performed.

Expected Deformations3.3

I
Pressure Levels3.2

General
Several types of storage demands may generally be
identified, for example seasonal storage, peak-
shaving storage, storage to secure delivery and
strategic storage. These different storage types imply
different facility sizes and variations in pressure and
load cycles. In a seasonal storage the pressure varies
on a yearly basis, whereas in a peak-shaving storage
the pressure varies on a daily or weekly basis. Both
these demands are often met with by the same
storage facility so that the short term pressure

I

General deformation
To simplify the description, the deformations are
divided into general and local deformations. The
general deformation represents the evenly distn"buted
radial "mean" deformation caused by the inner

pressure.
These deformations can be calculated using
numerical calculation models and/or analytical
solutions. In the Griingesberg case a Finite Element
Model (JOBFEM) have been used to calculate
deformations in the concrete and the rock. The
research work carried out bas shown that this type
or modelling may be used to accurately predict the
general behaviour of a lined rock cavern when
pressurised to levels of20-30 :MPa.
Local deformations
The local variations in radial deformation and
tangential strain are ruled by the local geological
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conditions and by the cracking pattern in the
concrete wall. Local variations are a result of for
example movements in single rock joints or isolated
larger deformations due to weakness zones in the
rock mass. The local variations are added to the
general deformation and thus important for the strain
levels in the liner. The complex nature of the rock
mass imply that the local variations can be difficult
to predict. However, experience from Griingesberg
and other conventional underground projects
indicate that they may be estimated by experience or
by using for example discrete computer models.
Deformations in single rock joints, leading to
increased cracking of the concrete, influence the
strain levels arising in the liner.

During loading the rock mass behaves according
to an elasto-plastic model. At low pressures this
means a mainly elastic behaviour. At higher
pressures (in the Griingesberg case approximately 5-
10 MPa) tensile stresses occur in fue rock surface.
When the strength of the rock mass is exceeded,
shearing and compression take place in the joints
leading to plastic deformations.

Cracks in the concrete, causing a local increase of
the strain in the liner, develop when the tangential
tensile strain exceeds approximately 0.2%0 which in
the Griingesberg case happened at low pressures 0-5
MPa. At these low pressures single cracks open
locally with an uneven distn"bution around the
circumference of the concrete lining. The local
behaviour in the concrete and steel lining is
illustrated by the test results fI:om Griingesberg in
Figures 14 and 15.

It is interesting to note that the general
deformation continuously increases with the
pressure. Single stretches with defonnation peaks
represents a local behaviour. The local defonnations
are probably very much governed by movements in
single rock joints and concrete cracks.

The influence of a local weakness zone has been
studied in Grangesberg. The zone, which is about
0.5 m wide and at its closest about 2.5 m fI:om
Room 3, has a noticeable effect on the defonnations,
see Figure 16. In absolute figures, however, the
effects are minor, the additional radial defonnation
in the room at 28 MFa being in the order of 0.8 !DID.

I

I

I

I
Figure 14. Deformations in a horizontal row of mini-extenso meters installed in the concrete wall of Room 2,

Grangesberg.
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Figure 15. Strains measured in six strain-meters' (measuring length 150 mm) installed on the steel lining in
Room 2, Griingesberg. "...

during 91 cyclic loads between 1 and 16.5 NIPa.
Two of these, C2 and C3 located in a dEection
parallel to the weakness zones, show a decreasing
rate of defom1ation growth. However, C4 and C5
oriented perpendicularly to the weakness zone show
both a larger deformation and a slower decrease in
the deformation growth rate.

I

0 2 4 6 8

Length of extenso meter (m)

Figure 16. Distn"bution of deformations in an exten-
someter through a 0.5 m wide weakness zone.

Calculation examples, total defonnation
It should be emphasised that the model of function
used in Griingesberg, descnoing the behaviour of a
lined rock cave~ is applicable to predict
deformations in any rock mass.

In order to illustrate the fleXloility of the concept,
two calculation examples have been made for a
commercial storage facility (maximum pressure = 25
MPa and diameter 40 m) using a simple analytical
model. One example describes a location in a
g~ological environment comparable with
Grangesberg (Rock Mass E-modulus = 40 GPa), see

I

Long-Term Behaviour
Knowledge about the long-ternl behaviour is
essential when designing a storage subjected to high
pressures and cyclic loads.

In order to smulate the expected life time load of
a storage, several hundreds of cyclic loads to high
pressure levels have been perfomled in the
Grangesberg test rooms.

The general conclusion is .that no accelerating
deformations have occurred, on the contrary a
hardening behaviour has been recorded, see Figure
7. This is explained by the fact that the rock mass
closest to the caverns is compacted as rock joints are
closed and sheared.

The influence of the weakness zones on the
deformations also appears as an effect during cyclic
loading. Figure 17 shows the increase in diameter
measured in four convergence lines inside Room 3
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Table 3, the other a location in sedimentary rock
(Rock Mass E-modulus = 10 GPa), see Table 4.

pressure to 1 0-15 MPa the strains will i?e
considerably smaller.

A consequence of this is that a wide range of
geological environments or rock masses with lower
quality than found in areas with basement rock may
host a lined gas storage facility.

Table 3. Estimated size and distnbution of radial
deformation at 25 MPa in commercial scale for a
competent granitic rock mass with E-modulus = 40
GPa.

Radial
deformation

(Imn)

Element
4 CONCLUDING REMARKS

0
0.5

Steel linin
Transition steel-
concrete
Concrete linin
Transition
concrete-rock
Averagerock
deformation
Local rock
defonnation
Total deformation

0.5

19

:tI

20-22
The average sfi"ain in the steel lining will in this

case be 1.00/00 (1.80/00 in Griingesberg) which means
that the yield point (1.70/00) will npt be exceeded.
Locally in connections with cracks in the concrete
the steel will yield but the strains in the lining will be
smaller than in the pilot scale in Griingesberg.I
Table 4. Estimated size and distn"bution of radial
deformation at 25 MPa in commercial scale for a
sedimentary rock mass of fair quality with E-
modulus = 10 GPa.

Radial
deformation

(mm)

Element

~

0
0.5

f ' 1""
mm

Transition stee1-
concrete
Concrete linin
Transition
concrete-rock
Average rock
defomtation
Local rock
defomtation
Total deformation

I
1

0.5

88

:t.l

89-91

I The average strain in the steel lining will in this
case be 4.50/00, much higher than in the first example.
However, the steel lining in Room 2 in Grangesberg
has been subjected to average strains of 4-50/00 and
local strains of at least 11 %0 at the maximum
pressure of 52 MPa. Hence, the larger deformation
associated with the weaker rock mass does not
imply a problem in respect of too large strains in a
steel lining material comparable to that used in
Grangesberg. However, by reducing the internal

I

The most important conclusion from the
Griingesberg tests was that the tested concept
fulfilled its main purpose to confine the gas at very
high pressure levels and after a vast number of cyclic
loads. The rock mass has proven its function as
pressure vessel at pressure levels far above those
intended for a commercial storage plant (20-25
NIPa). Generally after several years of research it can
be concluded that no main technical questions
related to the concept remain and the concept is
ready for demonstration in a larger scale.

The lined storage concept is considered to be the
most suitable underground gas storage method at
present conditions in Sweden. A demonstration
plant, as a continuation of the Griingesberg pilot
unit, could be located in the vast majority of natural
gas consuming countries.

It should be emphasised that the concept under
certain circumstances provide an attractive
alternative to traditional gas storages. To sum up,
the following advantages with lined gas storages,
compared to traditional storages, may be identified.

-The size of the facility may to a large extent be
varied. A facility may be constructed and expanded
in phases. Each storage module may have a working
gas volume of up to 30 :MNm3.

-The possibility to locate the storage facility
close to gas customers and existing gas distn"bution
nets is good, as it is not restricted to certain
geological formations.

-The possibility to control the stored gas is
good. This implies minimum impact on the
environment.

-The contained gas is never in direct contact with
ground water and/or rock or soil. This implies that
the gas is not contaminated during storage and
separation of water and particles before distn"bution
is not needed.

-The storage is structurally stable and the need
for cushion gas is minimal

-The maximum withdrawal rate is high, limited
only by the dimensions of the pipes and temperature
restrictions.
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ABSTRACT: At the Griingesberg Research Plant field tests have been perfonned regardmg storage of gas at
very high pressures in lined shallow rock caverns. The surrounding rock mass (granite) has proven to be very
capable of withstanding loads at levels far above the initial rock stresses. No tendency of vertical uplift has
been recorded. At an internal pressure of 52 MPa the maximum registered radial deformation in the rock was
5.65 mID, corresponding to a tangential strain of 2 per mille. The combined construction element liner-
concrete-rock has fulfilled its main purpose, i.e. to confine the gas, throughout a tough load history. Leakage
tests at high pressures have indicated that even a large failure in the liner can be controlled without any severe

consequences.

INTRODUCTION1 -the surrounding rock mass, absorbing the pres-
sure forces and thus acting as the pressure vessel.

-a drainage system, taking care of groundwater
inflow as well as potential gas leakages.

Water curtains have been used to ensure constant
groundwater conditions. 15 vertical holes have been
drilled around each room at a distance of 2-4 In- It
should be noted that the groundwater pressure has
no influence on the storage concept in respect of
pressure levels and gas containment.

Figure 1. Horizontal section of the lined rock cavern

concept.

The pilot plant for lined gas storage facilities,
located in central Sweden 250 km west of
Stockholm, comprises three test rooms and was built
during 1988 as a joint project by a number of
Scandinavian companies interested in developing
new techniques for storing natural gas in lined rock
caverns. Tests have been carried out in four phases
during 1989-1993.

Outlines of the concept and the objectives of the
pilot tests have been presented earlier by Lindbo et
al., 1989 and Tengborg, 1989. Early results have
been presented by Rosendal et al., 1992. After the
completion of the field tests the results have been
subjected to a comprehensive theoretical analysis by
Stille et al., 1994.

The three test rooms are excavated as vertical
cylinders 5 m in diameter and 10m high. The rooms
are lined on the inside with concrete and steel. The
rock overburden above the rooms is 50 m.

In short, the lined rock cavern concept, shown in
Figure 1, is based on the interaction between the
following elements:

-a lining, enclosing the gas in the cavern
-a concrete layer, serving as a base for the lining,

to transfer the pressure forces to the rock and to
distribute developing cracks

GEOLOGICAL CONDITIONS2
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cylindrical in form with a rounded bottom and a
semi-spherical roof, see Figure 2. Comprehensive
pressure tests and trials have been carried out in this
room including more than 200 cyclic loads, see
Figure 3. The maximum pressure achieved is 52
l\I1Pa. The tests also comprises loading after long-
term cooling of the room and freezing of the
surrounding rock mass, but results from these tests
are not included in this paper.

The predominant type of rock in the area is a
medium-grained granite (Uniaxial Compressive
Strength = 340 MPa and Young's modulus = 56
GPa). An 8-9 m thick metabasite dyke traverses the
granite in the area in which the pilot plant is located.
One contact zone (width 0,5 m) is altered and forms
a weakness zone in the rock mass.

Steep joints are found in the area. These are
mainly divided into three major joint directions, two
of which lie within the section N40- 70oW and the
third in the sector NO-10oE. Flat joirits occur only
sparsely. The joints are essentially tight with ope-
nings of less than 1 mm. Chlorite and calcite occur
on some of the mainly raw and planar joint surfaces.

The initial stresses of the granite are low accor-
ding to the rock stress measurements, ie. 1-4 MPa.
The largest horizontal stress has a mean value of 2.5
MPa and a north-west orientation. The smallest
horizontal stress has a mean value of 1.3:MFa. The
mean value of the vertical stress is 1:4 :MFa.

A classification of the rock mass was done using
both the Q method and the ~ method. The
mechanical properties of the rock mass, the
deformation modulus and the compressive strength.
were evaluated based on RMR and Q values and
results from laboratory tests. The values of the
above parameters are shown in Table 1.

I

I

I Table 1. Rock mass ofooerties.
Rock mass
section

RMR
value

Q value Young's
modulus

(G~~)-

Compressive
strength

(MPa)_-

Granite
Metabasite
Weakness
zone

75
80
52

20
22
8

30
40
2

9
15
5

Figure 2. General layout of Room 2. 1. Access tube,
2. Concrete plug, 3. Water fill, 4. Gas fill, 5. Steel
linmg (6 mm), 6. Concrete lining (0.6 m), 7. Rock
mass.

3 TESTS PERFORMED

Test room 13.1

I
Room 1 was designed specifically for the purpose of
testing a 0.4 mm thick lining of austenitic stainless
steel (SS 2343). The concrete lining is about 0.4 m
thick and conventionally reinforced. Limited tests
have been carried out in Room 1 with a maximum
pressure of 14 !v1Pa. In principle the design of the
room corresponds with that of Room 2.

Test room 23.2

Room 2 is equipped with a lining of 6 mm plates of
micro-alloyed steel (SS 2134). The concrete linmg is
about 0.6 m thick and unreinforced. The test room is

Test room 33.3
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Room 3 bas a 0.5 mm thick lining of stainless steel.
The concrete lining is 0.3 m thick and conventionally
reinforced. The room has been subjected to a great
number of loads, 28 NfPa at most, including 91
cyclic loads, see Figure 4. In principle the design of
the room corresponds with that of Room 2.

All sensors are continuously monitored by data-
loggers during the test periods.

Figure 5. Measuring installations in the test rooms,
schematic horizontal section.

3.4 Monitoring system '.'
4 RESULTS

The radial expansion in the rooms and the deforma-
tions in the rock and concrete are continuously
registered during pressure testing. Extra measuring
devices are installed in the rock in Room 3 for the
purpose of studying the movements in the nearby
weakness zone. Strains in the steel lining in Room 2
have also been measured continually. The radial rock
mass deformations are measured by multiple
extensometers, labelled "E" in Figure 5. Mini-
extenso meters "M" are installed in the concrete to
measure tangential strains in the concrete. The
expansion of the whole system, i.e. the total radial
deformation, is measured by convergence lines, I'C",
inside the test rooms. The measuring installations are
somewhat different in the three rooms, due to
geological variations and different lining material

4.1 Rock mass behaviour

The deformations in the rock mass in all three rooms
have been recorded by a total of 64 sensors divided
between 24 extenso meters. Table 2 shows measured
deformations for 20 extenso meters at five different
pressure levels. The total defonnation for all
horizontal extenso meters is shown in Figure 6. The
largest deformation measured in Room 2 is 5.65 mm
at 52 l\I1Pa. At pressures higher than 40 l\I1Pa there
were distinct sound phenomena in the form of bangs
and popping noises in the rock mass. The sounds
were heard att irregular intervals and continued to
be audI"ble during depressurizing right down to low
pressure levels.

I
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The test rooms are equipped with a total of 69 mini-
extenso meters which have recorded both horizontal
and vertical movements in the concrete. The
extenso meters are located in the inner part of the
concrete lining relatively close to the rock surface
(see Figure 5). The deformation in all the horizontal
mini-extenso meters is shown in Figure 12, which
gives an indication of the size and variation of the
deformations. The deformations shown are the
tangential deformations that occur in the concrete
along a stretch of 1m Cracks in the concrete
develop when the tangential tensile strain exceeds
approximately 0.02% which in this case happens at
low pressures, approximately 0-5 MPa. At these low
pressures single cracks open locally with an uneven
distnoution around the circumference of the
concrete lining. At higher pressures cracks continue
to develop and open. At this stage the cracking
evens out, implying a larger number of cracks' per
metre and that the cracks widen more uniformly.

Some parts of the steel lining have been
dismantled in Room 2 and Room 3. for the purpose
of studying the condition of the concrete behind it.
The sections selected for dismantling were in areas
where large movements in the concrete had been
measured and thus where fracturing was expected to
be greatest. To investigate the concrete lining in

Room 2 more thoroughly, four concrete cores (dia.
100 mm) were drilled. The cores, which have been
drilled right down to the rock, are 0.6-1.1 m long.

The concrete lining in Room 2 is relatively intact
considering the large loads to which it has been
subjected. Cracks and crack zones have formed at
reciprocal intervals varying between 0.25 m and 1 m.
No large, loose pieces of concrete or crush zones
have been found. Nor does the surface layer appear
to be particularly affected or crumbled, but is still
hard. These observations are confirmed by the
compressive strength measurements performed on
one of the drilled concrete cores. The result shows
that the concrete has a compressive strength of 49-
53 MPa after four years compared with 42 :MFa at
the time of casting (April 1989), i.e. an increase of
17-26%).

The mapping of the concrete surface in Room 2
also showed that the crack frequency varies some-
what in different directions, from 1-2 cracks/m to 2-
4 cracks/m. Two crack zones have been mapped in
the area in which the greatest deformation (3.95
mm/m) has been recorded. These zones contain
several minor cracks and are probably the result of
shear failure in the concrete adjacent to a major
crack. The results of the deformation measurements
and the inspection imply that the crack openings of

I
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Figure 12. Defonnations in all horizontal mini-extensometers.

The concrete surface
unaffected and no cracks
is either due to the fact
narrow to be observed by

single cracks are limited in size and do not exceed 1
mm at a pressure of 52 MFa. Most of the cracks are
vertical. Some inclined cracks have been observed.
In the dome the cracks are chiefly horizontal.

in Room 3 seems to be
have been observed. This
that the cracks are too

the human eye or that no
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cracks have developed despite a tangential strain by
far exceeding 0.02% (0.1% strain measured).

There are 10 special joint-meters (0.25 m long
extenso meters) installed in Room 3 in the concrete
lining above definite joints in the rock surface. The
largest deformation measured is 0.79 mm at the
maximum pressure of 28 rvIPa. The deformations
recorded in all the joint-meters are shown in Figure
13. Both opening and closure of rock joints have
occun-ed.

connection with crack zones in the concrete. The
resulting pennanent strains in the steel lining amount
to 0.5%.

Samples from the steel have been subjected to
laboratory analysis. This metallurgic analysis implies
that the structure of ,ilie steel has not been affected
by the high pressures and that the properties of the
steel after the loadings are unchanged in relation to
the original properties.

4.4 Total behaviour1,0

The deformations in the structure as a whole (rock-
concrete-steel) have been measured with the aid of
convergence lines. An example of diameter changes
in Room 2 during Phase 4 is shown in Figure 15.

e,§. 0,5

.§

~
.g~ 0,0

1 '/

~,5
0 5 10 15

~ (MPa)

20 25 30

Figure 13. Rock joint movements in Room 3.

0 5 10 15 20 25 30 35 40 45 50 55

Pressure (MPa)

Figure 15. Diameter changes in Room 2 during
Phase 4.

4.3 Steel lining behaviour

I As the project proceeded, it gradually became easier
to measure the strain in the lining of Room 2 due to
the installation of six micro-extensometers in all.
These sensors continuously measure the strain in the
steel lining over a measured length of 150 mm.
Figure 14 shows the strains in the lining during
Phase 4 in the micro-extensometer showing the
largest strain.

The total deformations at 25 MPa (expected
maximum pressure in a commercial storage plant),
and the distn"bution of the defonnations have been
SllmmSirised in Table 3. The rock mass contn"butes
50% of the total radial deformations. The remaining
part is related to defonnations in the concrete lining
and its transition zones. Local rock deformations
play an important role with regard to the total
behaviour in the pilot scale, causing a variation of
25%. The total radial deformation implies an
average tangential strain in the steel lining of 0.18%.

I

I

I
Table 3. Size and distnoution of radial deformation
at 25 MPa in pilot scale (diameter 4.4 m).

15 20 25 30 35 40 45 50 55

Pressure (MPa)

Figure 14. Strains in the steel lining in Room 2
during Phase 4 in the micro-extensometer showing
the largest strain.

The average maximum strain in the steel lining is
0.45%, thus exceeding the yield point of the steel
(0.17%). Locally, much higher strains (up to 1.1%)
have been measured due to local deformations in



A-22

I Local rock
deformation

:tl £25 successfully triggered. The collection efficiency of
the drainage system was estimated at about 94-
100%.Total deformation 3-5 100 :1:25

4.5 Air leakage tists

5 CONCLUSIONS

I

Air leakage tests with artificially created leaks have
been done on two occasions for the purpose of
studying the drainage system's ability to perform its
three main tasks, i.e. detection, localisation and col-
lection. On the first occasion the test was performed
in Room 2 at an air pressure of 1.6 I\tfPa. The
leakage was created by placing nozzles in holes
drilled through the steel lining before the room was
pressurized. The test result showed that the leakage
was clearly detectable and could be localised by flow
measurements in the drainage system. As regards
collection, the capacity achieved was about 75-80%of the leaked air. .

On the second occasion, two air leakage tests
were performed in Room 3 at high pressures (11-13
I\tfPa). The leaks were created by two axes triggered
by remote control to fall and make holes through the
0.5 mm thick steel lining at the same time as the
room was pressurized. Figure 16 shows the pressure
fall during the first leakage test when two axes were
triggered.

Compressor
13,45 stopped '"

13,40 . /'-;;
~ 13,35

13,30

13,25

13,20 .

13,15

:--7' Axes released

Comprehensive field tests have been carried out
successfully during four years in the Grangesberg
Pilot Plant. The most important conclusion is that
the tested concept can fulfill its main purpose to
confine the gas during a tough load history. Leakage
tests at high pressures have indicated that even a
large failure in the liner can be controlled Without
any severe consequences.

The rock mass has proven its function as pressure
vessel at pressure levels far above those intended for
a commercial natural gas storage plant (20-25 MPa).
Experience gained in Griingesberg will improve
possibilities of predicting rock mass behaviour in
connection with high pressure rock storage. No
accelerated deformations have occurred and the
behaviour is linear. The radial deformations and joint
openings have proved to be approximately half the
size calculated by Larsson et aI., 1989. No
tendencies of vertical uplift have been recorded.
Over 85% of the radial deformations take place
within a distance of approximately 2 room diameters
(from the periphery).

In the pilot tests the rock mass accounted for half
of the radial deformations. For a commercial plant
(ten times the geometrical scale), on the other hand,
the rock deformation is expected to increase propor-
tionally to the scale while the deformations in the
concrete lining and the transition zones are expected
to be the same as in the pilot plant. Thus, the rock
will account for a dominant share of the defonna-
tion, see Table 4, and the share of the total defor-
mation attn"buted to the concrete and the transitional
areas is expected to be marginal. FurtheInlore it
should be pointed out that the average strains in the
steel lining will decrease from 0.18% in the pilot
scale to 0.10% in the full scale

/I
'-"~

I
0 5 10 15 20 25 30 35

rime (hours)

Figure 16. Pressure fall during air leakage test in
Room 3. The diamond symbols mark the times at
which the axes were released.

No increase in the existing initial leakage (due to
minor defects in the welds) is detectable despite two
new large defects (1 x 100 mm2 each) created by the
axes. The volume of air leaking out during the
holding time has been estimated at 11-15 m3/br. The
efficiency of the drainage system when collecting
leaking gas has been evaluated at about 80%. An
inspection of the concrete surface behind the axe
blows has not revealed any cracks or other effects.
During a second leakage test only one axe was

I
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Concrete linin
Transition
concrete-rock
Average rock
deformation
Localrock
deformation

~
2,3

1

0,5

20 90,9

:t4,5:t.l

Total deformation 21-23 100 :t4.5
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ABSTRACT: Predicting the behaviour of an inhomogeneous rock mass is a difficult but necessary task in
underground construction. Deformation analyses are based on estimated mechanical properties that in turn
often are directly or indirectly empirically derived from rock mass classification. The classification systems
consist of series of rock parameters determined from field investigations and laboratory tests. Obviously, there
are large uncertainties involved in the process of making a deformation prognosis. This paper describes a
methodology of quantifying these uncertainties. The main idea is to treat each parameter in the classification
systems as stochastic variables and, describe them with probability distributions. The consequence of this is
that both the intermediate results,. the mechanical properties of the rock mass, and the end results, the
defonnation prognosis, are expressed as probability distributions with statistical parameters such as mean and
variance. A similar approach may be used for describing the properties and behaviour of tunnel support
systems. Altogether, this helps the rock engineer in making better decisions.

RESUME: Cet article presente une methode pennettant d'evaluer les incertitudes rencontrees dans la caracteri-
sation de la masse rocheuse et l'analyse des deformations des ouvrages souterrains. L'idee maitresse etant de
considerer les parametres empiriques des systemes de classification des roches comme des variables aleatoires
et de leg decrire avec la repartition des probabilites. Par ce moyen, aussi bien les resultat intermediaires, prop-
ri6tes mecaniques issues de la classification des masses de roches, que leg resultats fmaux, prevision des d6for.
mations, sont exprimes selon une fonction statistique de repartition avec des parametres comme la moyenne et
la variance. Une approche similaire pourra-etre utilisee pour d6crire les proprietes et Ie comportement des sys-
temes de support des tunnels. En definitive l'ingenieur pourra, a l'aide de cette methode, prendre de meilleures
decisions. L'utilisation pratique de la methode des probabilit6s est presentee dans un exemple hypothetique.

ZUSA.MMENFASSUNG: In diesem Bericht wird ein Verfabren um Unsicherheiten, die im Untertagbau bei
der Schatzung der Gebirgseigenscbaften und dessen Defomlationsverbalten vorhanden sind zu quantifizieren,
beschrieben. Die Hauptidee ist, Kennverte der empiriscben Gebirgsklassiflkation als stocbastische Variable zu
verwenden unci mit Wahrscheinlichkeitsverteilungen zu versehen. Der Konsequenz von diesem ist class das
Teilresultat, die dUtCh Klassifikation erhaltene mechanische Eigenschaften des Gebirges, sowohl wie das End-
resultat, die Verformungsprognose, as! Wabrscheinlichkeitsverteilungen angesehen werden, mit statistische
Kennwerte so wie Durchschnisttswert und StandBrdabweichung. Bei der BeschreibuiIg der Eigenschaften und
des Verhaltens der Sicberungsmassnabmen im Tunne!bau, kann ein Ahnllcher Ansatz verwendet werden. Das
Ganze unterstiltzt dell Ingenieur damit er bessere Entscheidungen treffen kann. Die Nuttbarkeit der Wahr-
scheinlichkeitsmethodik ist durch ein hypotetisches Beispiel dargestellt.

systems. The rock mass as a construction material
and the engineering design of underground structures
also involve different types of uncertainties. It is also
known that geological hazards play an important role

INTRODUCTION

Underground projects often includes decision situa-
tions in which one must consider very complex
series of events and interaction betWeen several
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Rock mass classification
and estimation of

mechanical properties

Describing uncertainties
in properties

Deformation and support
calculation

,.,

in underground projects both for clients and contrac-
tors.

All this implies that predictions concerning the
rock mass and decision making for underground
projects is difficult By applying decision and risk
analysis together with a probabilistic design philo-
sophy these difficulties and uncertainties can be
structured and hopefully quantified, thus providing a
base for better predictions and eventually better
decisions.

When performing analytical defonIlation analysis,
for example in order to design a support system for a
tunnel, the rock mass parameters, i.e. Young's modu-
lus and rock mass strength, are very important As
these parameters are subjected to large uncertainties,
mainly in the fonIl of spatial variability, a probabilis-
tic model approach will improve the assessment of
parameters and the deformation analysis.

In this paper the practical use of characterizing the
rock mass and of calculating the ~ound response in
tunnels with a probabilistic methodology is described
and exemplified by a hypothetical case.

Figure Flow chart describing the process of carry-
ing out rock mass characterization and
defoImatioD analysis for underground struc-
tures. Steps including probabilistic aspects
are framed with a dotted line.2 PROBABillSl1C METHODOLOGY

2.1 General overview

The methodology introduced in this paper comprises
several steps illustrated in Figure 1. This logic
sequence of carrying out a deformation analysis is
commonly used in underground projects. However,
the new ideas in the methodology are related to the
fact that uncertainties in input data is quantified. In
the following description of the different steps, those
including probabilistic aspects are focused upon.

Several useful empirical relations to estinmte
mechanical properties of the rock mass has been
presented in the literature; for example by Barton et
al. (1980), Stille et al. (1982), Serafim & Pereira
(1983), Hoek et al. (1995) and Palms~m (1995).
Some of these relations are based on the classifi-
cation system RMR and Q, while others are indepen-
dent of those systems.

The use of the probabilistic methodology for
classification and estimation of properties (c.f.
Section 3) is transparent, which imply that anyone of
the above methods may be used.2.2 Rock mass classification and estimation of

mechanical properties

2.3 Describing uncertainties in rock mass quality
and properties

Defomlation analysis where the rock mass is regar-
ded as an elasto-plastic material, described by cohe-
sion, friction and Young's modulus, obviously
necessitates accurate assessments of the rock mass
properties. Normally, the input parameters are based
on rock mass classification and empirical relations
for assessing mechanical properties.

The rock classification should be based on field
investigations and laboratory testing. Different sys-
tems are available, the most widely spread are Rock
Mass Rating (RMR) and the Q-system..

In order to describe the uncertainty present in the
evaluation of rock mass propertiest a suitable scale of
expressing that uncertainty is needed. Oftent proba-
bility is a suitable measuret especially if one adopts
the subjective interpretation of probability (bayesian
statistics) .

In order to assess the probabilities correctlYt seve-
ral precautions must be taken so that the assessment
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the last decades as computer capacity constantly
increases. Numerical methods are not treated further
in this paper.

Analytical solutions in the form of ground
response curves has been presented by Brown et al.
(1983), among others. Ground response curves in
combination with support reaction for different
support systems has been described by for example
Stille et al. (1989) and Chang (1994). In this paper
the GRC concept is used as a base for the deforma-
tion analysis.

2.5 Calculating uncertainty of result

does not degenerate into a rough guessing. The sub-
ject of assessing subjective probabilities has been
treated in the literature, especially on decision analy-
sis, see for instance Stael von Holstein & Matheson
(1978), Lourens (1984) and Veneziano (1994). With
a subjective approach one can use engineering
judgement in a stringent manner and also incorporate
measurements into the assessment through the
application of Bayes' theorem, Benjamin & Cornell
(1970) and Ang & Tang (1975). It must be pointed,
in this context, that subjective probabilities are not a
replacement for measurements in a frequentist
analysis.

The assessments of uncertainty are usually given
in the fom! of a Probability Density Function (pDF)
or a Probability Mass Function (P:MF), for discrete
distributions. In some cases it is sufficient or
necessary to characterize the stochastic variable only
through suitable measures. usually the mean andvariance without specifying the distribution. '

Often one has an estimate of the rock properties of
small rock elements (units) but what is needed, in
order to describe the actual load case, is the value for
a larger volume. This problem is simplified if the
overall behaviour is governed by the sum (or the
mean) of the elements. which is often the case for
failure mechanisms in ductile materials (e.g. elasto~
plastic materials). It should be observed that the
mean of several samples has a smaller variance
(spread) that have the samples themselves,
Vanmarcke (1977). The calculation of the variance
of the mean can be done using the method described
by Vanmarcke (1977), (1977a), (1983) or by using a
simulation procedure where a sample of suitable size
is drawn from the distribution of point values and the
mean is calculated. If this is repeated many times the
variance of the mean can be estimated. When doing
this, one should give some thought to the possible
correlation between points close to each other. If
there is no correlation the mean value will have a
smaller variance than if there is a strong correlation.

To get the uncenainty of the calculated deformation
a method must be used that can solve expressions
containing stochastic variables. Different methods
are available and the choice of method depends on
whether an analytical or numerical method is used to
calculated the deformation and on the amount of
accessible information.

If a numerical method is used one can use a
stochastic fmite element calculation to find the
expected value (mean) and the variance of the
calculated deformation at different points, Ishii et al.
(1989). For analytical solutions the calculation of
uncertainties, in practical work. can be done using
different methods. Among the more useful are the
Point Estimate Method, Rosenbluth (1975) and Harr
(1987), and Monte Carlo simulation, Ang & Tang
(1984). The authors prefer the Monte Carlo method
as it gives a picture of the stochastic distribution of
the result and not just its mean and variance.

3 CALCULAnON EXAMPLE

In order to illustrate the practical use of the
probabilistic methodology a hypothetical example is
presented below.

3.1 Simulation of rock propertiesDefonnation and support calculation using
nwnerical and analytical solutions

2.4

The probabilistic rock mass characterization and
deformation analysis has been done for a 4.5 diame-
ter tunnel at a depth of 50 m. The rock mass consists
of highly weathered gneiss with a quality correspon-
ding to Poor -Very poor rock according to RMR.

Given a pre.investigation programme comprising
geophysics, core drilling and laboratory testing the

Deformation analysis as a tool for design of tunnels
and rock caverns has been widely used within
underground construction. Principally. one may
distinguish two calculation methods; numerical and
analytical calculations. Various numerical calcula-
tion methods has been developed and refined during
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RMR-system may be used to classify the rock mass.
The parameters in the RMR-system have been
described as stochastic variables using probability
density functions.

Several different statistical distributions have
been used. The choice of specific distributions is
difficult as limited infonnation on how geological
parameters are distributed is available in the litera-
ture. Therefore, subjective assessment of PDP's is a
good tool in this application. Two examples is
presented in Figure 2 and 3 respectively.
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loinl size ,

~-.§!ily of Block
joint1 vol~ Vb

UniaxialRock compressive
material strength, Ct.

-The principle ofRMi, after Pa1mstr~m 1995.Figure 4

RQD1 .
3.2 Reduction of variance

Given accurate input data Young's modulus within
the studied rock mass might be considered to follow
the simulated distribution. This implies a relatively
large spread with high and low values representing
different parts of the rock mass. An important issue
in this context is, as described above, the variance of
the mean and its relevance for the actual load case.

For the current load case the overall Young's
modulus along a string consisting of several units is
more relevant for the deformation analysis than the
single values, see Figure 5. For the assumed geology
the rock mechanical properties are considered to be
uncorrelated.

,~ - .. - -
Figure 2 PDF (triangular distribution) for the para~

meter "RQD" within the RMR-system.

Figure 3 PDF (gamma distribution) for the parameter
"inflow of water" (litre/min, 10 m tunnel)
within the RMR-system.

Young's modulus is determined using a combined
relationship based on methods presented by Serafim
& Pereira (1983) for the lower range values and
Barton et at. (1980) for the upper range values. This
combined relationship have, according to the
author's experience, proven to be suitable for
granitic and gneissic rock masses.

Rock mass compressive strength is described
using the Rock Mass index concept (RMi), see
Palmstro:m (1995), where the RMi value equals the
rock mass strength (C3'~, c.t. Figure 4.

The rock mass properties are simulated using
Monte Carlo simulation. The input parameters in the
empirical relationships are consequently given as
stochastic variables.

Figure 5 Schematic illustration of a string consisting
of several units. This principle is adopted in
order to simulate a representative Young's
modulus for the rock mass in the actual load
case around a ttmnel.



As the defomlation of the rock mass is proportional
to the rock stress, the units closest to the tunnel will
have larger influence on the overall defonnation than
units further out. The weights put on each unit
should correspond to the stress distribution in the
affected zone (i.e. the zone in which deformations
will take place). The size of the affected zone depend
on the load case and the rock mass strength. In this
case the affected zone is estimated to have a length
of two tunnel radii.

Similar to the Young's modulus the reduction of
variance for rock mass compressive strength must be
considered. The spatial variability of the rock mass
strength can be substantial, i.e. one volume of the
rock mass may be stronger or weaker than its
neighbour. This reflects reality as the rock mass
often is inhomogeneous and very complex from a
Stt1lctural point of view.

The load case in a tunnel will imply that adjacent
block volwnes in the tunnel periphery will mutUally
carry the load. A weaker volume wIn in this respect
be compensated by a stronger volume. This imply
that the overall characteristic rock mass strength
consists of the mean strength of a suitable number of
volumes.

3.3 Deformation analysis

Defonnation analysis is done analytically using the
GRC-concept. The analytical solutions and input
parameters has been implemented in a Excel spread
sheet and calculation has been done using Monte
Carlo simulation (software package = Crystal Ball).

The deformation is calculated at the initial
pressure (Po), which is a fIXed parameter, and at ten
other proportionally decreasing pressure levels. At
each pressure level the deformation is given in the
form of a stochastic distribution with statistical
parameters. This information, more specifically the
median and the percentiles, is subsequently used to
plot the probabilistic ground response cwve.

In order to illustrate the principle the support
reaction of a 100 mm shotcrete lining, Chang (1994),
has also been simulated. The uncertainty in this case
is given by the variability of the strength parameters
of the shotcrete (compressive strength and Young's
modulus) and the variability in thickness. It should
be emphasized that these uncertainties are smaller
than the spatial variability of parameters related to
the rock mass.

o.~ o.~ 1.80 2.~

Figure 8 Probability distribution for rock mass
strength ('tvn>a) of the weathered gneiss.
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The effects of the reduction of variance of Young's
modulus and the rock mass strength is shown in
Table 1. As can be seen the mean values are quite
similar before and after reduction, the range, how-
ever, are considerably narrower after the reduction.
This is, for normal load cases, a more accurate
modelling of the confmed rock mass.

shows expected radial deformations in the tunnel.
Given the statistical parameters from the simulated
distributions the reaction curves may be drawn in
different ways according to specific demands. In this
case the 50% percentile (median) and the 5%, 95%
and 100% percentiles have been presented. The
median and 5% and 95% percentiles for the shotcrete
lining have also been drawn.

In Figure 10 the probability distribution of radial
deformations at zero pressure (largest deformation)
is presented.

Table 1 Reduction of variance for Young's modulus
and rock mass compressive strength.

Figure 10 Probability distribution of radial defonna-
tion (mm) at zero pressure.The probabilistic defonnation analysis is presented

as a ground reaction curve, see Figure 9. The GRC
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Probabilistic Ground Reaction Curve for weathered gneiss and the response curve for a 100 rom shot-
crete lining.

Figure 9
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5 DISCUSSION AND CONCLUSIONS

In the paper it has been shown that the application of
probabilistic methods to practical rock mechanics
problems is feasible using personal computers and
commercially available software. In the example the
Ground Reaction Curve-concept was used. the
methodology, however, is applicable to other analyti-
cal calculation methods.

Although there are several methods to do the
probabilistic calculations the authors advocate using

.the Monte Carlo simulation method on the grounds
that it is easy to apply and gives a picture of the
resulting probability distribution. This is a good help
when judging the risks involved.

It is important to take into consideration the
spatial variability of the rock mass, furthermore this
variability should be reduced under certain circum-
stances. Otherwise one will end up with a conserva-
tive design. ,~

For design purposes the methodology can be used
to design a support system with a prescribed safety
level. This is done by choosing the support in such
way that the probability of the simultaneous
occurrence of a large load and weak support is
sufficiently small.

The use of the probabilistic rock mass charac-
terization and defonnation analysis is one of many
tools available when perfornling stringent decision
and risk analysis for underground projects. Such
analyses will be of increasing interest when projects
constantly become larger and more complex.
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Appendix B

Derivation of Consistent Values of Tensile Strength and Material Toughness

The following derivation provides a material tensile strength that is consistent with the critical
fracture toughness of the material.
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where T = tensile strength,

d = zone size,

E = loading stiffness

Eu = unloading stiffness,

GIC = critical energy release rate, and

KIC = critical toughness.

where E* = unloading stiffness of the surrounding material,

El = local (material) unloading stiffness; El = � in the case of infinitely brittle material,
and
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